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Preface 


The mathematical study of the Bose gas goes back to the first quarter of the 
twentieth century, with the invention of quantum mechanics. The name refers to 
the Indian physicist S.N. Bose who realized in 1924 that the statistics governing 
photons (essentially invented by Max Planck in 1900) is determined (using modern 
terminology) by restricting the physical Hilbert space to be the symmetric tensor 
product of single photon states. Shortly afterwards, Einstein applied this idea 
to massive particles, such as a gas of atoms, and discovered the phenomenon 
that we now call Bose-Einstein condensation. At that time this was viewed as a 
mathematical curiosity with little experimental interest, however. 

The peculiar properties of liquid Helium (first liquefied by Kammerlingh 
Onnes in 1908) were eventually viewed as an experimental realization of Bose- 
Einstein statistics applied to Helium atoms. The unresolved mathematical prob- 
lem was that the atoms in liquid Helium are far from the kind of non-interacting 
particles envisaged in Einstein’s theory, and the question that needed to be re- 
solved was whether Bose-Einstein condensation really takes place in a strongly 
interacting system — or even in a weakly interacting system. 

That question is still with us, three quarters of a century later! 

The first systematic and semi-rigorous mathematical treatment of the prob- 
lem was due to Bogoliubov in 1947, but that theory, while intuitively appealing 
and undoubtedly correct in many aspects, has major gaps and some flaws. The 
1950’s and 1960’s brought a renewed flurry of interest in the question, but while 
theoretical intuition benefited hugely from this activity the mathematical structure 
did not significantly improve. 

The subject was largely quiescent until the 1990’s when experiments on low 
density (and, therefore, weakly interacting instead of strongly interacting, as in 
the case of liquid Helium) gases showed for the first time an unambiguous man- 
ifestation of Bose-Einstein condensation. This created an explosion of activity in 
the physics community as can be seen from the web site 
http://bec01.phy.georgiasouthern.edu/bec.html/bibliography.html, 
which contains a bibliography of several thousand papers related to BEC written 
in the last 10 years. 

At more or less the same time some progress was made in obtaining rigorous 
mathematical proofs of some of the properties proposed in the 50’s and 60’s. A 
general proof of Bose-Einstein condensation for interacting gases still eludes us, 
but we are now in a much stronger position to attack this problem rigorously. 
These notes, which are an extension of our 2004 Oberwolfach course, summarize 
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some rigorous results that have been obtained by us in the past decade. Most of 
them are about the ground state energy in various models and dimensions, but we 
do have a few results about the occurrence (and non-occurrence) of condensation. 

This pedagogical summary has several antecedents. It has grown organically 
as new results emerged. The first one was [LY3], followed by [LSeY3], [Se2], (LZ, 
[LSeY4], [LSSY], and [ESSY2]. Apart from this stream, there was another peda- 
gogical survey going back to the 60’s that dealt with Bogoliubov theory and 
other things. Some of that material is reproduced in Appendices [A] and B] 

There is, of course, a large body of rigorous work by other people on var- 
ious aspects of BEC that was not covered in the Oberwolfach course and is 
not mentioned in these notes. The subject can be approached from many an- 
gles and our aim was not to give a complete overview of the subject but to fo- 
cus on themes where we have been able to make some contributions. The recent 
Physics Reports article on the Bogoliubov model is a good source of refer- 
ences to some other approaches and results. There exist also several reviews, e.g., 
(al and even monographs on the fascinating 


physics of the Bose gas and its condensation. 
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Chapter 1 


Introduction 


1.1 The Ideal Bose Gas 


Schrodinger’s equation of 1926 defined a new mechanics whose Hamiltonian is 
based on classical mechanics. The “ideal” gas of particles consists of the following 
ingredients: A collection of N > 1 non-interacting particles in a large box A Cc R3 
and volume V = L°. We are interested in the “thermodynamic limit” , which means 
that we will take N — oo and L — oo in such a way that the density p = N/V is 
held fixed. 

The fact that the particles are non-interacting means that the classical energy, 
or Hamiltonian H, is entirely kinetic energy and this, in turn, is 


1 N 
H=— 2 1.1 
ea 2d, Pj (1.1) 


where m is the particle mass and p; is the momentum of particle i. The lowest (or 
ground state) energy of this classical system is, of course, 0. The thermodynamic 
properties are determined from the partition function 


N N 3N/2 
1 VN (om 
Giga ins ine Bea ee 12 
N = 73N QI aul x oll Pe BN NI ( B ) a2) 


(with 6 = 1/kg T, kp is Boltzmann’s constant and T is the temperature, and with 
h an arbitrary constant with the dimension of momentum times length) in terms 
of which the free energy is given as 


pe —Fln2y. (1.3) 
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The pressure p is 
p=—OF/OV = pkpT (1.4) 


where Stirling’s approximation, In N! ~ N In N, has been used. The average energy 
is 
B=-TnZ = 5 NkoT. (1.5) 

In quantum mechanics, the Hamiltonian is an operator obtained by replacing 
each p; by —ihV,, acting on the Hilbert space L*(A), with appropriate boundary 
conditions. The eigenvalues of p? = —h?A (with A =Laplacian =V7), for a box 
with periodic boundary conditions, are (27h)?n?/L?, where n is a vector with 
integer components. If the statistics of the particles is disregarded, the partition 
function, which in the quantum case is given by 

Zn = ar ePe (1.6) 
N! : 
factorizes as Zy = ZN /N!. This equals the classical expression in the thermody- 
namic limit, if one takes h = 27h. 

Taking the statistics of the particles into account, we have to restrict the 
trace in (L6) to the symmetric or anti-symmetric subspace of the total Hilbert 
space @” L?(A), depending on whether we intend to describe bosons or fermions. 
This makes the prefactor 1/N! superfluous, but one has to face the problem that 
Zn is no longer determined by Z,. For this reason, it is more convenient to pass 
to the grand-canonical partition function (or generating function) 


=> ne", (1.7) 


N>0 


(1] 


where z = e?" is the fugacity for chemical potential jz. The chemical potential is 
then determined by the average particle number, 
(N) ay Ine. (1.8) 
Oz 
The grand-canonical partition function = can be calculated because it factorizes 
into the contributions from the single particle energy levels. For bosons the result 
is 


(1] 


1 
= rep Cae =a wel 
where €9 < €1 <... denote the single-particle energy levels (given, in this case, 
by (27h)?n?/(2mL7), with n € Z?). Note that in this “free particle” bosonic case 
it is necessary that 4 < €o. In the thermodynamic limit ¢9 — 0. 
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For fixed pp < 0, the average particle number, is given by 


1 
2 exp (B(ei — w)) — 1 


i>0 


(N) = (1.10) 


In the thermodynamic limit, the sum becomes an integral (more precisely, 
Lp — (27h)? Jas), and we have 


1 
lim —— = —3 —— 
aoe [oe exp (G(p?/(2m) — p)) —1 


This is a monotonously increasing function of 4, which is bounded as up — 0, 


(1.11) 


however, by the critical density 


pe(B) = 93/2(1)(2h?3/m)~*”?. (1.12) 


Here g3/2(1) = 772, 73/2 © 2.612. That is, the density seems to be bounded by 
this value. This is absurd, of course. This phenomenon was discovered by Einstein 
[EF], and the resolution is that the particles exceeding the critical number all go 
into the lowest energy state. In mathematical terms, this means that we have to 
let 4 — 0 simultaneously with L — oo to fix the density at some number > p-. In 
this case, we have to be more careful in replacing the sum in by an integral. 
It turns out to be sufficient to separate the contribution from the lowest energy 
level, and approximate the contribution from the remaining terms by an integral. 
The result is that, for p > pe, 


p = pe(B) + po; (1.13) 
where 
Se ee 
i V exp (Alem) = 1 
is the density of the “condensate”. The dependence of y on L is determined by 
(L10), writing (NV) = L°p with fixed p. 
The phenomenon that a single particle level has a macroscopic occupation, 


PO (1.14) 


i.e., a non-zero density in the thermodynamic limit, is called Bose-Einstein con- 
densation (BEC). Note that in the model considered there is no condensation into 
the excited energy levels, and one always has 

1 


er 1.15 
ico V exp ((ei—H)) —1 ee) 


for i > 1, since ¢; — uw > €; — €9 = const. L~?. 
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Note that in the case of zero temperature, i.e., the ground state, all the 
particles are in the condensate, i.e., p = po. In a sector of fixed particle number, 
the ground state wave function is simply a product of single particle wave-functions 
in the lowest energy state. 


1.2. The Concept of Bose-Einstein Condensation 


So far we have merely reproduced the standard textbook discussion of BEC for 
non-interacting particles. The situation changes drastically if one considers inter- 
acting systems, however. For particles interacting via a pair potential u(|x; — x,]), 
the Hamiltonian takes the form 


Hy=->—) Ai+ SY o(lxi—x;)). (1.16) 


(We could also include three- and higher body potentials, but we exclude them 
for simplicity. These do exist among real atoms, but for understanding the basic 
physics it is presumably sufficient to consider only pair potentials.) 

Even at zero temperature, it is not entirely obvious what is meant by a 
macroscopic occupation of a one-particle state, because the eigenfunctions of Hy 
are not products of single particle states. 

The concept of a macroscopic occupation of a single one-particle state ac- 
quires a precise meaning through the one-particle density matriz. Given the nor- 
malized ground state wave function of Hy (or any other wave function, for that 
matter), Vo, this is the operator on L?(R°) given by the kernel 


(x, x’) = N f Yolx, X)Wo(x’, X)dX , (1.17) 
where we introduced the short hand notation 


N 
XK =(xX2,...,xv) and dX=]|| dx;. (1.18) 


j=2 


Then f y(x,x)dx = tr[y] = N. BEC in the ground state means, by definition, 
that this operator has an eigenvalue of order N in the thermodynamic limit. This 
formulation was first stated in by Penrose and Onsager. For the ground 
state Vo of Hy, the kernel y is positive and, hopefully, translation invariant in 
the thermodynamic limit, and hence the eigenfunction belonging to the largest 
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eigenvalue must be the constant function L~*/?. Therefore, another way to say 
that there is BEC in the ground state is that 


= [fa y) dx dy = O(N) (1.19) 


as N — 00, L — o0 with N/L® fixed; more precisely Eq. (E19) requires that there 
is ac > 0 such that the left side is > cN for all large N. 

This concept of BEC as a large eigenvalue of the one-particle reduced density 
matrix immediately generalizes to thermal states, both in the canonical and grand- 
canonical ensembles (or, more generally, to states defined by arbitrary density 
matrices). For interacting systems, however, the ground state already poses a 
challenging problem which is still largely unsolved. In fact, BEC has, so far, never 
been proved for many-body Hamiltonians with genuine interactions — except for 
one special case: hard core bosons on a lattice at half-filling (i.e., N = half the 
number of lattice sites). The proof was given in and [KLS]. This, and a 
generalization to a lattice gas in a periodic external potential, is described in 
Chapter [I] 

There are physical situations where it is natural to consider generalizations 
of the concept of BEC just described. In particular, for trapped Bose gases, as 
considered in Chapters[6}{9] the system is inhomogeneous and the thermodynamic 
limit at fixed density has to be replaced by an appropriate scaling of the potentials 
involved.1 What remains as the criterion of BEC is the occurrence of a large 
eigenvalue (i.e., of the order of the particle number) of the one-particle density 
matrix in the limit considered. 

Finally, we comment on the relation between BEC and spontaneous breaking 
of gauge symmetry. Gauge symmetry in the present context is defined by the 
one-parameter group of unitary transformations in Fock space generated by the 
particle number operator. The Hamiltonian (16) preserves particle number and 
this implies gauge invariance of the grand-canonical equilibrium state on the Fock 
space, i.e., the direct sum of all the N-particle Hilbert spaces. This symmetry can 
be explicitly broken by adding a term VV (ag + a4) to the Hamiltonian, where 
ag and ag are the creation and annihilation operators of the lowest energy mode 
(i.e., in a box, the constant wave function in the one-particle space). Formally, this 


1 Also, the way to take a thermodynamic limit is not completely unambiguous. In the standard 
van Hove limit the volume grows essentially without changing the shape of the domain A, 
e.g., the growing cubes considered in Section[_J] If instead the limit is taken in such a way that 
the size of A grows at different speed in different directions, one may obtain different results (see, 


eg., [BO [BEPI). 
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is analogous to adding an external magnetic field to the Hamiltonian of a magnet. 
In the grand-canonical state defined by the so modified Hamiltonian the operator 
Gg has a non-zero expectation value (which goes to zero as \ — 0 for any fixed 
volume V). Gauge symmetry breaking means that this expectation value, divided 
by VV, remains non-zero even as \ — 0, after the thermodynamic limit has been 
taken. (For the magnet, this corresponds to spontaneous magnetization.) 

In Appendix [D] we show that under quite general assumptions, BEC goes 
hand in hand with spontaneous gauge symmetry breaking. Breaking of a contin- 
uous symmetry is notoriously difficult to prove, and in one and two dimensions it 
is excluded, at least at positive temperature, by the Hohenberg-Mermin-Wagner 
Theorem [MW]. This partly explains why a rigorous proof of BEC for inter- 
acting systems is still lacking in general. 


1.3 Overview and Outline 


A central theme of these notes is the evaluation of the ground state energy in 
various situations. Already in 1927 W. Lenz gave a heuristic argument indi- 
cating that the ground state energy of a dilute hard-core gas was proportional to 
the scattering length, a, of the potential in three dimensions.” The 3D formula for 
the energy per particle at low density is eo(p) = (h?/2m)4zpa, to leading order 
in the density p = N/V. Bogoliubov’s 1947 paper showed how a perturbative 
version of this formula could be derived in a more systematic and general way, 
and there was further work on this in the 1950’s and 60’s (L2], but it was 
not until 1998 that it was proved rigorously. The issue here was to derive a 
lower bound for the energy. In 1957 Dyson had established an asymptotically 
correct upper bound for the energy and also a lower bound, but the latter was 14 
times too small. 
In two dimensions a different formula, postulated as late as 1971 by Schick 
[S], holds and was rigorously proved to be correct in [LY2]. With the aid of the 
methodology developed to prove the lower bound for the homogeneous gas, several 
other problems could successfully be addressed. One is the proof that the Gross- 
Pitaevskii equation correctly describes the ground state in the ‘traps’ actually 
2Lenz calculated the ground state energy of a single particle in the presence of N—1 randomly 
placed particles in a L x L x L box. This would give the correct energy, 4ma/V, provided the 
fixed particles are uniformly distributed. But in a random arrangement there are bound to be 
holes of arbitrary large size (as N — oo) and the moving particle can always fit in a hole with 


arbitrary small energy. It is the inevitability of such holes that makes it impossible to convert 


Lenz’s argument into a rigorous one. 
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used in the experiments [LSeY2]. For such systems it is also possible to 
prove complete Bose condensation and superfluidity [ESej[ESeY5]. On the frontier 
of experimental developments is the possibility that a dilute gas in an elongated 
trap will behave like a one-dimensional system and this topic was addressed in a 
mathematical way in [LSeY6]. 

Another topic is a proof that Foldy’s 1961 theory of a high density Bose 
gas of charged particles, which is based on Bogoliubov’s theory, correctly describes 
the ground state energy of this gas; using this it is also possible to prove the 
N7/> formula for the ground state energy of the two-component charged Bose gas 
proposed by Dyson in 1967 [D2]. All of this is quite recent work [LSo3] [So] 
and it is hoped that the mathematical methodology might be useful, ultimately, 
to solve more complex problems connected with these interesting systems. 

One of the most remarkable recent developments in the study of ultracold 
Bose gases is the observation of a reversible transition from a Bose-Einstein con- 
densate to a state composed of localized atoms as the strength of a periodic, 
optical trapping potential is varied [G3]. Together with M. Aizen- 
man we have rigorously analyzed a model of this phenomenon [ALSSY]. The gas 
is a hard core lattice gas and the optical lattice is modeled by a periodic potential 
of strength A. For small \ and temperature BEC is proved to occur, while at large 
BEC disappears, even in the ground state, which is a Mott insulator state with 
a characteristic gap. The inter-particle interaction is essential for this effect. 


Let us briefly describe the structure of these notes. The discussion centers 
around six main topics: 


1. The dilute, homogeneous Bose gas with repulsive interaction (2D and 3D). 

2. Repulsive bosons in a trap (as used in recent experiments) and the “Gross- 
Pitaevskii” equation. 

3. BEC and superfluidity for dilute trapped gases. 

4. Low-dimensional behavior of three-dimensional gases in elongated or disc- 
shaped traps. 

5. Foldy’s “jellium” model of charged particles in a neutralizing background 
and the extension to the two-component gas. 

6. The model of an optical lattice that shows BEC at weak coupling and no 
BEC at strong coupling. 


The discussion below of topic 1 is based on and [LY2], and of topic 2 on 
and |LS5eY 2]. See also LSeY3] Se2] LSeV4]. 
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The original references for topic 3 are and [LSeY5], but for transparency 
we also include here a chapter on the special case when the trap is a rectangular 
box. This case already contains the salient points, but avoids several complications 
due the inhomogeneity of the gas in a general trap. An essential technical tool 
for topic 3 is a generalized Poincaré inequality, which is discussed in a separate 
chapter. 

Topic 4 is a summary of the work in and (SY). 

The discussion of topic 5 is based on [LSo], [ES02] and [So]. Topic 6 is based 
on [ALSSY] and [ALSSY2]. 

Topic 1 (3 dimensions) was the starting point and contains essential ideas. 
It is explained here in some detail and is taken, with minor modifications (and 
corrections), from [LY3}. In terms of technical complexity, however, the fifth topic 
is the most involved and can not be treated here in full detail. 

The interaction potential between pairs of particles in the Jellium model and 
the two-component gas in topic 5 is the repulsive, long-range Coulomb potential, 
while in topics 1—4 it is assumed to be repulsive and short range. Topic 6 concerns 
a hard-core lattice gas. For alkali atoms in the recent experiments on Bose-Einstein 
condensation the interaction potential has a repulsive hard core, but also a quite 
deep attractive contribution of van der Waals type and there are many two body 
bound states [PS]. The Bose condensate seen in the experiments is thus not the 
true ground state (which would be a solid) but a metastable state. Nevertheless, 
it is usual to model this metastable state as the ground state of a system with 
a repulsive two body potential having the same scattering length as the true 
potential, and this is what we shall do. In these notes all interaction potentials 
will be positive, except in Appendices A, C and D. 


There are four appendices to these notes: 
A. Elements of Bogoliubov Theory 
B. An Exactly Soluble Model 
C. Definition and Properties of the Scattering Length 
D. c-Number Substitutions and Gauge Symmetry Breaking 


Appendices [A] and [B] are reproductions, with only minor modifications, of two 
sections of the survey article [L3]. This material is still relevant after 40 years and 
parts of it were discussed in the Oberwolfach course. Appendix [GJ is taken from 
the paper [LY2]. Appendix [DJis a slightly extended version of [ESeY8]. 


Chapter 2 


The Dilute Bose Gas in 3D 


We consider the Hamiltonian for N bosons of mass m enclosed in a cubic box A of 
side length L and interacting by a spherically symmetric pair potential v(|x;—x,]): 


N 
Hy =-n) Ait S> v(x: — x;)). (2.1) 


1<i<j<N 


Here x; € R°, i = 1,...,N are the positions of the particles, A; the Laplacian 
with respect to x;, and we have denoted h?/2m by yw for short. (By choosing 
suitable units yw could, of course, be eliminated, but we want to keep track of the 
dependence of the energy on Planck’s constant and the mass.) The interaction 
potential will be assumed to be nonnegative and to decrease faster than 1/r? at 
infinity. Note that for potentials that tend to zero at infinity ‘repulsive’ and ‘non- 
negative’ are synonymous — in the quantum mechanical literature at least. In 
classical mechanics, in contrast, a potential that is positive but not monotonically 
decreasing is not called repulsive. 

The Hamiltonian operates on symmetric wave functions in the Hilbert 
space L?(A% , dx, ---dxy) as is appropriate for bosons. Let us note an important 
fact here that will be useful later. To say that we are in the symmetric tensor prod- 
uct of L?(R°) is equivalent, in plain language, to the statement that we consider 
only wave functions V(x;,...,x,) that are invariant under permutation of the N 
coordinates. On the other hand, we could ask for the bottom of the spectrum of 
Hy without imposing this symmetry restriction, i.e., on the whole tensor product. 
The fact is that the two are the same. The absolute ground state energy is the 
boson ground state energy. Moreover, the ground state is unique, i.e., there is only 
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one and it is symmetric. This fact will be useful later because it means that we 
can get an upper bound to the ground state energy by using any handy function. 

The proof of this assertion, very briefly, goes as follows: The absolute ground 
state energy is the infimum of (Y|Hy|W) over all normalized W. If W is a candidate 
for a minimizer, we can consider ®(X) = |W(X)|, which has the same norm, the 
same potential energy, and a kinetic energy that can be lower but not higher [LLo. 
This ® will not satisfy the Schrodinger equation unless ® = WV, up to an overall 
phase. Thus, the absolute ground state is unique and it has to be either symmetric 
or antisymmetric since these are the only one-dimensional representations of the 
permutation group. Since it has only one sign it is symmetric. 

We are interested in the ground state energy Eo(N,L) of (ZI) in the ther- 
modynamic limit when N and L tend to infinity with the density p = N/L?® fixed. 
The energy per particle in this limit is 


eo(p) = lim Eo(pL”, L)/(L*). (2.2) 


Our results about eo(p) are based on estimates on Eo(N,L) for finite N and 
L, which are important, e.g., for the considerations of inhomogeneous systems 
in Chapters [6}[§] To define Eo(N,L) precisely one must specify the boundary 
conditions. These should not matter for the thermodynamic limit. To be on the 
safe side we use Neumann boundary conditions for the lower bound, and Dirichlet 
boundary conditions for the upper bound since these lead, respectively, to the 
lowest and the highest energies. 

For experiments with dilute gases the low density asymptotics of eo(p) is of 
importance. Low density means here that the mean interparticle distance, p—!/° 
is much larger than the scattering length a of the potential, which is defined as 
follows. (See Appendix [C] for details.) The zero energy scattering Schrédinger 
equation 


—2yuAw + v(r)w = 0 (2.3) 
has a solution of the form, asymptotically as |x| = r — oo (or for all r > Ro if 
u(r) =0 for r > Ro), 

Wo(x) = 1 —a/|x|. (2.4) 


(The factor 2 in (2:3) comes from the reduced mass of the two particle problem.) 
Writing W(x) = uo(|x|)/|x| this is the same as 


a= lim r—- uo(r) (2.5) 
/ 
roo u(r) 
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where ug solves the zero energy (radial) scattering equation, 
—2yrull(r) + v(r)uo(r) = 0 (2.6) 


with uo(0) = 0. 
An important special case is the hard core potential u(r) = oo if r < a and 
u(r) = 0 otherwise. Then the scattering length and the radius a are the same. 
Our main result is a rigorous proof of the formula 


eo(p) © 4rppa (2.7) 
for pa? <1, more precisely of 


Theorem 2.1 (Low density limit of the ground state energy). 


€o(p) 


li 
ae Ar upa 


=" (2.8) 


This formula is independent of the boundary conditions used for the definition 
of eo(p) . It holds for every positive radially symmetric pair potential such that 
Se v(r)r?dr < oo for some R, which guarantees a finite scattering length, cf. 
Appendix [C] 

The genesis of an understanding of eo(p) was the pioneering work 
of Bogoliubov, and in the 50’s and early 60’s several derivations of (2:8) were 
presented [HY], 3], even including higher order terms: 


eo(p) = 1+ 428_(pa3)!/? +8 (= = v3) (pa*) log(pa?) + O(pa?) . (2.9) 
Arupa 15/7 3 

These early developments are reviewed in [L3]. They all rely on some special as- 

sumptions about the ground state that have never been proved, or on the selection 

of special terms from a perturbation series which likely diverges. The only rigor- 

ous estimates of this period were established by Dyson, who derived the following 

bounds in 1957 for a gas of hard spheres [Dj]: 


1 €9(p) 1+2y1/3 
10V2 ~ 4appa ~ (1— 1/3)? 


(2.10) 


with Y = 4rpa*/3. While the upper bound has the asymptotically correct form, 
the lower bound is off the mark by a factor of about 1/14. But for about 40 years 
this was the best lower bound available! 

Under the assumption that (2.8) is a correct asymptotic formula for the 
energy, we see at once that understanding it physically, much less proving it, is 
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not a simple matter. Initially, the problem presents us with two lengths, a < p7!/3 
at low density. However, (2.8) presents us with another length generated by the 
solution to the problem. This length is the de Broglie wavelength, or ‘uncertainty 
principle’ length (sometimes called ‘healing length’) 


to (pay ?. (2.11) 


The reason for saying that @. is the de Broglie wavelength is that in the hard 
core case all the energy is kinetic (the hard core just imposes a w = 0 boundary 
condition whenever the distance between two particles is less than a). By the un- 
certainty principle, the kinetic energy is proportional to an inverse length squared, 
namely ¢,. We then have the relation (since pa® is small) 


ax<plr<k (2.12) 


which implies, physically, that it is impossible to localize the particles relative to 
each other (even though p is small). Bosons in their ground state are therefore 
‘smeared out’ over distances large compared to the mean particle distance and 
their individuality is entirely lost. They cannot be localized with respect to each 
other without changing the kinetic energy enormously. 

Fermions, on the other hand, prefer to sit in ‘private rooms’, i.e., 2¢ is never 
bigger than p~‘/* times a fixed factor. In this respect the quantum nature of 
bosons is much more pronounced than for fermions. 

Since (2.8) is a basic result about the Bose gas it is clearly important to 
derive it rigorously and in reasonable generality, in particular for more general 
cases than hard spheres. The question immediately arises for which interaction 
potentials one may expect it to be true. A notable fact is that it is not true for all 
v with a > 0, since there are two body potentials with positive scattering length 
that allow many body bound states. (There are even such potentials without two 
body bound states but with three body bound states [Ba].) For such potentials 
(2.8) is clearly false. Our proof, presented in the sequel, works for nonnegative v, 
but we conjecture that (2.8) holds if a > 0 and v has no N-body bound states for 
any N. The lower bound is, of course, the hardest part, but the upper bound is 
not altogether trivial either. 

Before we start with the estimates a simple computation and some heuristics 
may be helpful to make (2.8) plausible and motivate the formal proofs. 

With wo the zero energy scattering solution, partial integration, using (2.3) 
and (2.4), gives, for R> Ro, 


/ {2u|Vuvol? + v|Wo|? }dx = 8rpa (1 _ <) — 8rua for Roo. (2.13) 
IxI<R f 
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Moreover, for positive interaction potentials the scattering solution minimizes the 
quadratic form in (2.13) for each R > Ro with the boundary condition wWo(|x| = 
R) = (1—a/R). Hence the energy Eo(2, L) of two particles in a large box, i.e., L >> 
a, is approximately 87ya/L°. If the gas is sufficiently dilute it is not unreasonable 
to expect that the energy is essentially a sum of all such two particle contributions. 
Since there are N(N — 1)/2 pairs, we are thus lead to Eo(N,L) & 4rpaN(N — 
1)/L°, which gives (2.8) in the thermodynamic limit. 


This simple heuristics is far from a rigorous proof, however, especially for 
the lower bound. In fact, it is rather remarkable that the same asymptotic for- 
mula holds both for ‘soft’ interaction potentials, where perturbation theory can 
be expected to be a good approximation, and potentials like hard spheres where 
this is not so. In the former case the ground state is approximately the constant 
function and the energy is mostly potential: According to perturbation theory 
Eo(N, L) = N(N — 1)/(2L°) f v(|x|)dx. In particular it is independent of p, i.e. of 
Planck’s constant and mass. Since, however, f u(|x|)dx is the first Born approx- 
imation to 87a (note that a depends on y!), this is not in conflict with (28). 
For ‘hard’ potentials on the other hand, the ground state is highly correlated, i.e., 
it is far from being a product of single particle states. The energy is here mostly 
kinetic, because the wave function is very small where the potential is large. These 
two quite different regimes, the potential energy dominated one and the kinetic 
energy dominated one, cannot be distinguished by the low density asymptotics 
of the energy. Whether they behave differently with respect to other phenomena, 
e.g., Bose-Einstein condensation, is not known at present. 


Bogoliubov’s analysis presupposes the existence of Bose-Einstein 
condensation. Nevertheless, it is correct (for the energy) for the one-dimensional 
delta-function Bose gas [LL], despite the fact that there is (presumably) no con- 
densation in that case [PiSt]. It turns out that BE condensation is not really 
needed in order to understand the energy. As we shall see, ‘global’ condensation 
can be replaced by a ‘local’ condensation on boxes whose size is independent of 
L. It is this crucial understanding that enables us to prove Theorem 2.1] without 
having to decide about BE condensation. 


An important idea of Dyson was to transform the hard sphere potential into 
a soft potential at the cost of sacrificing the kinetic energy, i.e., effectively to move 
from one regime to the other. We shall make use of this idea in our proof of the 
lower bound below. But first we discuss the simpler upper bound, which relies on 
other ideas from Dyson’s beautiful paper [DJ]. 
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2.1 Upper Bound 


The following generalization of Dyson’s upper bound holds , Bell: 


Theorem 2.2 (Upper bound). Let pi = (N — 1)/L° and b = (4rpi/3)~\/3.. For 
non-negative potentials v and b > a the ground state energy of QA) with periodic 
boundary conditions satisfies 


Ep(N,L)/N < 4rppia (1 + const. *) ; (2.14) 
Thus in the thermodynamic limit (and for all boundary conditions) 


€o(p) 


<1+const.Y1/3 (215) 
Ar upa 


provided Y = 4rpa3/3 <1. 


Proof. We first remark that the expectation value of (21) with any trial wave 
function gives an upper bound to the bosonic ground state energy, even if the trial 
function is not symmetric under permutations of the variables. (See the discussion 
at the beginning of this chapter.) The reason is that an absolute ground state of 
the elliptic differential operator (2:]) (i-e., a ground state without symmetry re- 
quirement) is a nonnegative function which can be symmetrized without changing 
the energy because (2.]) is symmetric under permutations. In other words, the 
absolute ground state energy is the same as the bosonic ground state energy. 
Following we choose a trial function of the following form 


U(x, ae ,Xn) = Fi (x1) : Fo(xX1, X2) se - Fy (x1, oes ,Xn). (2.16) 


More specifically, fF, = 1 and F; depends only on the distance of x; to its near- 


est neighbor among the points x;,...,x;—-1 (taking the periodic boundary into 
account): 
Fi(x1,...,Xi) = f(t), t; = min (|x; — x,|,j =1,...,7-1), (2.17) 


with a function f satisfying 


The intuition behind the ansatz (216) is that the particles are inserted into the 
system one at the time, taking into account the particles previously inserted. 


While such a wave function cannot reproduce all correlations present in the true 
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ground state, it turns out to capture the leading term in the energy for dilute 
gases. The form (2.16) is computationally easier to handle than an ansatz of the 
type [],- jf (|x; — x;|), which might appear more natural in view of the heuristic 
remarks after Eq. (2-13). 

The function f is chosen to be 


fo(r)/fo(b) for0<r <6, 
f(r) = (2.19) 
1 for r > b, 
with fo(r) = uo(r)/r the zero energy scattering solution defined by (2.6). 
We start by computing the kinetic energy of our trial state defined above. 
Define €;,(x1,...,Xn) by 


1 fori=k 
€ik = 4 —1 for t; = |x; — xp | (2.20) 
0 otherwise. 


Let n; be the unit vector in the direction of x; — xj(;), where x,(;) denotes the 
nearest neighbor of x; among the points (x1,...,x;-1). (Note that j(z) really 
depends on all the points x;,...,x,; and not just on the index 7. Except for a set 
of zero measure, j(7) is unique.) Then 


POV =) Fe emmy Gs) (2.21) 


a 
and after summation over k we obtain 
FY" |VeF? = >) eueje (eng) FSF (SC) 
k i,g.k 


< ay Rie 49 S- lemezelEy Fy f(t) F'(tj) ~~ (2.22) 


kSi<gj 


The expectation value of the Hamiltonian can thus be bounded as follows: 


(U|Hy|W) ae a eee dd (79 f |W Po(lx; — x51) 
pial iat ll Eee 9) pe Ee ee ee pee eee Sa 
wy SL Thee os Tee 
J \WPleswejel Ey ES" (ta) f" (ty) 
4+2p xX TB (2.23) 


For 2 < p, let Fp, be the value that F,, would take if the point x; were omitted 
from consideration as a possible nearest neighbor. Note that Fp; is independent 
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of x;. Analogously we define F,,;; by omitting x; and x;. The functions F; occur 
both in the numerator and the denominator so we need estimates from below and 


above. Since f is monotone increasing, 
Fy = min{ Fiz, f(lxp — x51), FX» — xil)} (2.24) 
and we have, using 0 < f <1, 
Fe jf (Xp — xl)? f F (Xp — xl)? md < Fo; (2.25) 
Hence, for 7 < 7, we have the upper bound 
Fey - FR FA FY S Faas: jc Fe Faas + FR is , (2.26) 


and the lower bound 


Fs Hin 2 pag ig a gai gg Pas (2.27) 
N N 
x(1- > = fbx; —xel)*))(1- SD - F(: - xel)”)). 
k=1, k#i,j k=1, ki 


We now consider the first two terms on the right side of (2.23). In the numerator 
of the first term we use, for each fixed i, the estimate 


i—1 


PER <> Pex), (2.28) 


j=l 


and in the second term we use F; < f(|x;—x,|). For fixed 2 and j we can eliminate 
x; and x; from the rest of the integrand by using the bound (2.26) in the numerator 
and (2.27) in the denominator to do the x; and x; integrations. Note that, using 
partial integration, (2.3) implies that 


/ (ef" (ll)? + gu(lxl)F ([x1)*) dx < 4a(1 — a/b) fo(b)~?. (2.29) 
Moreover, fo(b) > 1— a/b. We thus obtain 


/ (Qu f! (x; — xj)? + u(x; — x5) f(x; — x;)?) dxidx; < 8xapL? [1 — a/b)" 
(2.30) 


In the denominator, we estimate 


N 


[G- XS G-fp-5)))eu2L-(-yF, — @3n 


p=1, pHi 
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where we set J = [(1 — f(|x|)*)dx. Using that f(|x|) > [1 — a/|x|]+ (see Ap- 
pendix [C}, we get that I < (47/3)ab?. The same factor comes from the x;- 
integration. The remaining factors are identical in numerator and denominator 
and hence we conclude that the first and second term in (2:23) are bounded above 
by 
= Sap N(N —1) 
| — 1) ————__—_—_. < —_.—-4 1+O(a/b)) . 2.32 
SD aa TAF Se H+ O/H)» 282) 
A similar argument is now applied to the third term of (2.23). We omit the 
details. The result is an upper bound 


2 N(N —1)(N —2) pk 


; (2.33) 


with K given by K = f{ f(|x|)’(|x|)dx. Using again that [1—a/|x|]_ < f (|x|) <1 
as well as partial integration, we can estimate K < 4rab(1+O(a/b)). Hence (2:33) 
is, for bounded a/b, bounded by const. Nwa?p;/b. Combining this estimate with 


(2.32) proves (2.14). 


2.2 Lower Bound 


It was explained previously in this chapter why the lower bound for the bosonic 
ground state energy of (2.1) is not easy to obtain. The three different length scales 
(2:12) for bosons will play a role in the proof below. 

e The scattering length a. 


e The mean particle distance p~!/°. 


e The ‘uncertainty principle length’ @., defined by ply? = eo(p), ie., le ~ 
(pay? 
Our lower bound for e9(p) is as follows. 


Theorem 2.3 (Lower bound in the thermodynamic limit). For a positive potential 


v with finite range and Y small enough 


Ar upa 


with C a constant. If v does not have finite range, but decreases faster than 1/r° 
(more precisely, [p v(r)r2dr < co for some R) then an analogous bound to (2.34) 
holds, but with CY'/"" replaced by o(1) as Y — 0. 
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It should be noted right away that the error term —CY'/!7 in (234) is of 
no fundamental significance and is not believed to reflect the true state of affairs. 
Presumably, it does not even have the right sign. We mention in passing that C 
can be taken to be 8.9 [Sel]. 

As mentioned at the beginning of this chapter after Eq. (2.2), a lower bound 
on Fo(N, L) for finite N and L is of importance for applications to inhomogeneous 
gases, and in fact we derive (2.34) from such a bound. We state it in the following 
way: 


Theorem 2.4 (Lower bound in a finite box). For a positive potential v with finite 
range there is a6 > 0 such that the ground state energy of (2.1) with Neumann 


boundary conditions satisfies 
Eo(N,L)/N > 4nppa (1 = Cer) (2.35) 


for all N and L with Y < 6 and L/a > C'Y~®/"", Here C and C' are positive 
constants, independent of N and L. (Note that the condition on L/a requires in 
particular that N must be large enough, N > const. Y~'/17.) As in TheoremBa 
such a bound, but possibly with a different error term, holds also for potentials v 


of infinite range that decrease sufficiently fast at infinity. 


The first step in the proof of Theorem P4Jis a generalization of a lemma of 
Dyson, which allows us to replace v by a ‘soft’ potential, at the cost of sacrificing 
kinetic energy and increasing the effective range. 


Lemma 2.5. Let v(r) > 0 with finite range Ro. Let U(r) > 0 be any function 
satisfying [ U(r)r?dr < 1 and U(r) = 0 for r < Ro. Let B C R® be star shaped 
with respect to 0 (e.g. conver with 0 € B). Then for all differentiable functions w 


J luiver + pew] 2 aa f ule (2.36) 
B B 


Proof. Actually, (2:36) holds with y4|Vw(x)|? replaced by the (smaller) radial ki- 
netic energy, 14|Ow(x)/Or|?, and it suffices to prove the analog of (2:36) for the 
integral along each radial line with fixed angular variables. Along such a line we 
write ¢(x) = u(r)/r with u(0) = 0. We consider first the special case when U is a 
delta-function at some radius R > Ro, ie., 

1 


U(r) = s56(r — R). (2.37) 
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For such U the analog of (2:36) along the radial line is 


R ; 
“fue (r)— (u(r) fr) + Sv(r)julo) Jer > 4” Cs 
0 palu(R)\?/R? ifR< Ry 
where R; is the length of the radial line segment in B. The case Ri < R is 
trivial, because p|Ow/Or|? + Zv|/|? > 0. (Note that positivity of v is used here.) 
If R < R, we consider the integral on the left side of (2:38) from 0 to R instead 
of R; and minimize it under the boundary condition that u(0) = 0 and u(R) is a 
fixed constant. Since everything is homogeneous in wu we may normalize this value 
to u(R) = R—a. This minimization problem leads to the zero energy scattering 
equation (2.6). Since v is positive, the solution is a true minimum and not just a 
stationary point. 
Because u(r) = 0 for r > Ro the solution, uo, satisfies uo(r) = r — a for 
r > Ro. By partial integration, 


R 
i {u[uo(r) — (uo(r)/r)P + Zu(7)|uo(r) |? }dr = wa|R — al/R > palR —al?/R?. 

: (2.39) 
But |R—a|?/R? is precisely the right side of (2.38) if u satisfies the normalization 

condition. 
This derivation of (2.36) for the special case (2:37) implies the general case, 
because every U can be written as a superposition of 6-functions, ie., U(r) = 
f R-*6(r — R)U(R)R7dR, and f U(R)R?dR < 1 by assumption. 


By dividing A for given points x,,...,xy into Voronoi cells 6; that contain 
all points closer to x; than to x; with 7 #7 (these cells are star shaped w.r.t. x;, 
indeed convex), the following corollary of Lemma[.5}can be derived in the same 
way as the corresponding Eq. (28) in [DiJ. 


Corollary 2.6. For any U as in LemmaBSl 


Hy > paW (2.40) 
with W the multiplication operator 
N 
W (X14 20250) = SoG), (2.41) 
i=1 


where t; is the distance of x; to its nearest neighbor among the other points x;, 
9g = Laie Ns ey 


ti(X1,---,Xn) = min |x; — X,|. (2.42) 
i, 5#F% 
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(Note that ¢; has here a slightly different meaning than in (2.17), where it denoted 
the distance to the nearest neighbor among the x; with j < i— 1.) 

Dyson considers in a one parameter family of U’s that is essentially the 
same as the following choice, which is convenient for the present purpose: 


(2.43) 


iter 3(R? — R3)-1 for Ro <<r<R 
ee 0 otherwise. 


We denote the corresponding interaction (2.41) by Wr. For the hard core gas one 


obtains 
E(N,L)>sup inf  pwaWr(x,...,xw) (2.44) 
R (x1,....XN) 
where the infimum is over (xi,...,a) € AX with |x; —x,;| > Ro =a, because of 


the hard core. At fixed R simple geometry gives 


AB 
inf Wr(xi,....xw) > {——-— 2.45 
ee R(X1 Nn) (# =) (2.45) 


, 


with certain constants A and B. An evaluation of these constants gives Dyson’s 
bound 


1 
E(N,L)/N > An ppa. 2.46 
Ce err wo (2.46) 
The main reason this method does not give a better bound is that R must 
be chosen quite big, namely of the order of the mean particle distance p~'/?, in 


order to guarantee that the spheres of radius R around the N points overlap. 
Otherwise the infimum of Wer will be zero. But large R means that WR is small. 
It should also be noted that this method does not work for potentials other than 
hard spheres: If |x; —x,| is allowed to be less than Ro, then the right side of (2:44) 
is zero because U(r) = 0 for r < Ro. 

For these reasons we take another route. We still use Lemma[25] to get into 
the soft potential regime, but we do not sacrifice all the kinetic energy as in (2.40). 
Instead we write, for « > 0 


Hy =cHn + (1—¢)Hy > eTy + (1-—¢)Hn (2.47) 
with Ty = —p >>, A; and use (2.40) only for the part (1 — ¢)Hy. This gives 
Hy >eTy + (1 —©€)paWr. (2.48) 


We consider the operator on the right side from the viewpoint of first order per- 
turbation theory, with eT as the unperturbed part, denoted Ho. 
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The ground state of Ho in a box of side length L is Vo(x1,...,x) = L~3/? 
and we denote expectation values in this state by (-)o. A computation, cf. Eq. (21) 


in (see also Eqs. (8.15)—(8.20)), gives 


4np(1—- 7) = (Wr)o/N 
> 4mp (1-4) (1- 22)° (1 + 4m p(R? — R3)/3)". (2.49) 
The rationale behind the various factors is as follows: (1 — *) comes from the 


fact that the number of pairs is N(N — 1)/2 and not N?/2, (1 — 2R/L)® takes 
into account the fact that the particles do not interact beyond the boundary of 
A, and the last factor measures the probability to find another particle within the 
interaction range of the potential Up for a given particle. 

The estimates (2-49) on the first order term look at first sight quite promising, 
for if we let L — oo, N — oo with p = N/L? fixed, and subsequently take R — 0, 
then (Wr)o/N converges to 47p, which is just what is desired. But the first order 
result, (2.49) is not a rigorous bound on Eo(N, L), we need error estimates, and 
these will depend on ¢, R and L. 

We now recall Temple’s inequality for the expectation values of an oper- 
ator H = Hy) + V in the ground state (-)9 of Ho. It is a simple consequence of the 
operator inequality 

(H — Ho)(H — F,) >0 (2.50) 


for the two lowest eigenvalues, Ey < E,, of H and reads 


(H*)o — (HY 


Bo a) 


provided F, — (H)o > 0. Furthermore, if V > 0 we may use Ey > BOW second 
lowest eigenvalue of Hp and replace FE in (2.51) by Em, 
From (2.49) and (2.51) we get the estimate 


FoN.t) > 4rpap (1 — E(p, L, R,<)) (2.52) 
with 
1—E(p,L, Rye) 
= (1=«) (1~ pbs) (1 BY? (1+ SR — 2) 
x f1— SSS 2.53 
(Wr)o(E\” — ua(Wr)o) ae 
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To evaluate this further one may use the estimates (2.49) and the bound 


(W2)o < Saag alo (2.54) 
which follows from Uz, = 3(R? — R3)~'Up together with the Schwarz inequality. A 
glance at the form of the error term reveals, however, that it is not possible here to 
take the thermodynamic limit L — oo with p fixed: We have EO) = en’ /L? (this 
is the kinetic energy of a single particle in the first excited state in the box), and the 
factor EO) —a(Wr)o in the denominator in (2.53) is, up to unimportant constants 
and lower order terms, ~ (¢L~? — ap*L°). Hence the denominator eventually 
becomes negative and Temple’s inequality looses its validity if D is large enough. 
As a way out of this dilemma we divide the big box A into cubic cells of side 
length ¢ that is kept fired as L — oo. The number of cells, L°/¢?, on the other 
hand, increases with L. The N particles are distributed among these cells, and 
we use (2.53), with L replaced by @, N by the particle number, n, in a cell and 
p by n/£?, to estimate the energy in each cell with Neumann conditions on the 
boundary. For each distribution of the particles we add the contributions from the 
cells, neglecting interactions across boundaries. Since v > 0 by assumption, this 
can only lower the energy. Finally, we minimize over all possible choices of the 
particle numbers for the various cells adding up to N. The energy obtained in this 
way is a lower bound to Eo(N, L), because we are effectively allowing discontinuous 
test functions for the quadratic form given by Hy. 
In mathematical terms, the cell method leads to 


Eo(N,L)/N > (p03)! inf S © en Eo(n, ) (2.55) 
n>0 


where the infimum is over all choices of coefficients c, > 0 (relative number of 
cells containing exactly n particles), satisfying the constraints 


S- Ga = I, S- enn = pe. (2.56) 
n>0 n>0 
The minimization problem for the distributions of the particles among the 
cells would be easy if we knew that the ground state energy Eo(n,@) (or a good 
lower bound to it) were convex in n. Then we could immediately conclude that 
it is best to have the particles as evenly distributed among the boxes as possible, 
i.e., G, would be zero except for the n equal to the integer closest to pl?. This 
would give 


Au) > Anpap (1 — E(p, 2, R,€)) (2.57) 
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ie., replacement of L in (2.52) by @, which is independent of L. The blow up of € 
for L — oo would thus be avoided. 

Since convexity of Eo(n, ) is not known (except in the thermodynamic limit) 
we must resort to other means to show that n = O(pé?) in all boxes. The rescue 
comes from superadditivity of Eo(n, 2), i.e., the property 


Eo(n +n’, 0) > Eo(n, ) + Eo(n’, 2) (2.58) 
which follows immediately from v > 0 by dropping the interactions between the n 


particles and the n’ particles. The bound (2.58) implies in particular that for any 
n,pENwithn>p 


n 
Eo(n,€) 2 [n/p] Eo(p, &) = ap Pol. é) (2.59) 
since the largest integer [n/p] smaller than n/p is in any case > n/(2p). 


The way (2.59) is used is as follows: Replacing L by ¢, N by n and p by n/€3 
in (2:52) we have for fixed R and € 


n(n — 1)K(n, £) (2.60) 


with a certain function K(n,@) determined by (2.53). We shall see that K is 

monotonously decreasing in n, so that if p € N and n < p then 

Arua 
2B 

We now split the sum in into two parts. For n < p we use (2.61), and for 

n> p we use together with (2.61) for n = p. The task is thus to minimize 


S- enn(n — 1) +4 S- Cnn(p — 1) (2.62) 


n<p n>p 


Eo(n, ¢) > n(n — 1)K(p, £). (2.61) 


subject to the constraints (2.56). Putting 


k:=p@ and t:= > Can <k (2.63) 
n<p 

we have }7,,5, nt = k—t, and since n(n — 1) is convex in n and vanishes for 
n=0, and 7, ¢n < 1, the expression (2.62) is 


> t(t—-1)+4(k—-t)(p—1). (2.64) 


We have to minimize this for 1 <t <k. If p > 4k the minimum is taken at t = k 
and is equal to k(k — 1). Altogether we have thus shown that 
Eo(N,L) 
N 


a 
> 4rpap (1 ~ =) K(4p0, £). (2.65) 
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What remains is to take a closer look at K(4p¢°,£), which depends on the 
parameters ¢ and R besides @, and choose the parameters in an optimal way. From 


(2.53) and (2:54) we obtain 


Ka, 0=0-o 0-22) +2 =m) 


3 an 
. (1 ~ F(R — RB) (mel? — dal n(n — 5) ee) 


The estimate (2.60) with this K is valid as long as the denominator in the last 
factor in is > 0, and in order to have a formula for all n we can take 0 as 
a trivial lower bound in other cases or when is negative. As required for 
(2.61), K is monotonously decreasing in n. We now insert n = 4p¢? and obtain 


K (4p@, £) > (1 — e) (1— 22)° (1+ const. )Y (¢/a)3(R? — R3)/@)~" 


03 const. Y 
7 const. YO 2.67 
- ( (R3 — R2) (e(a/)? — (const. aa) on 
with Y = 4rpa?/3 as before. Also, the factor 
f= |= tone (2.68) 
pe? 


in (2.65) (which is the ratio between n(n — 1) and n?) must not be forgotten. We 
now make the ansatz 


en ¥™, af fH", (PRP a¥? (2.69) 
with exponents a, @ and y that we choose in an optimal way. The conditions to 
be met are as follows: 


e <(a/)? — (const.)Y?(€/a)? > 0. This holds for all small enough Y, provided 
a+5( < 2 which follows from the conditions below. 


e a> 0 in order that ¢ — 0 for Y — 0. 

e 3G—1> 0 in order that Y~'(a/)? — 0 for Y > 0. 

e 1—36+4+-7> 0 in order that Y(¢/a)?(R? — R8)/e? + 0 for Y — 0. 
e 1—a—26—-7> 0 to control the last factor in (2.67). 


Taking 
a=1/17, @=6/17, y=3/17 (2.70) 


all these conditions are satisfied, and 


a =38-1=1-36+y7=1-a-26-y=1/I17. (2.71) 
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It is also clear that 2R/€ ~ Y7/3 = Y‘/!", up to higher order terms. This com- 
pletes the proof of Theorems [2.3] and 2.4] for the case of potentials with finite 
range. By optimizing the proportionality constants in (2.69) one can show that 
C = 8.9 is possible in Theorem 2.3] [Sel]. The extension to potentials of infinite 
range but finite scattering length is obtained by approximation by finite range po- 
tentials, controlling the change of the scattering length as the cut-off is removed. 
See Appendix [G] for details. We remark that a slower decrease of the potential 


than 1/r? implies infinite scattering length. 


The exponents (2-70) mean in particular that 


a<R«K«pV? KL « (pa), (2.72) 


'/3 as already explained. The condition 


whereas Dyson’s method required R ~ p~ 
p'/3 < £ is required in order to have many particles in each box and thus 
n(n—1) ¥ n?. The condition € < (pa)~'/? is necessary for a spectral gap >> eo(p) 
in Temple’s inequality. It is also clear that this choice of @ would lead to a far too 
big energy and no bound for eo(p) if we had chosen Dirichlet instead of Neumann 


boundary conditions for the cells. But with the latter the method works! 


Chapter 3 


The Dilute Bose Gas in 2D 


In contrast to the three-dimensional theory, the two-dimensional Bose gas began to 
receive attention only relatively late. The first derivation of the correct asymptotic 
formula was, to our knowledge, done by Schick [] for a gas of hard discs. He found 


e(p) © Ampp| In(pa”)|~*. (3.1) 
This was accomplished by an infinite summation of ‘perturbation series’ diagrams. 
Subsequently, a corrected modification of [S] was given in . Positive temper- 
ature extensions were given in and in [FH]. All this work involved an analysis 
in momentum space, with the exception of a method due to one of us that works 
directly in configuration space [L2]. Ovchinnikov derived (8-1) by using, basi- 
cally, the method in [L2]. These derivations require several unproven assumptions 
and are not rigorous. 

In two dimensions the scattering length a is defined using the zero energy 
scattering equation but instead of w(r) * 1—a/r we now impose the asymp- 
totic condition u(r) ~ In(r/a). This is explained in Appendix [GQ] 

Note that in two dimensions the ground state energy could not possibly be 
€o(p) © 47upa as in three dimensions because that would be dimensionally wrong. 
Since e9(p) should essentially be proportional to p, there is apparently no room for 
an a dependence — which is ridiculous! It turns out that this dependence comes 
about in the In(pa?) factor. 

One of the intriguing facts about (B-1) is that the energy for N particles is not 
equal to N(N — 1)/2 times the energy for two particles in the low density limit — 
as is the case in three dimensions. The latter quantity, Eo(2, L), is, asymptotically 
for large L, equal to 8tpL~? [In(L?/a?)]~*. (This is seen in an analogous way 
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as (2.13). The three-dimensional boundary condition wo(|x| = R) = 1—a/R 
is replaced by wo(|x| = R) = In(R/a) and moreover it has to be taken into 


? (to leading 


account that with this normalization ||qo||/?_ = (volume)(In(R/a)) 
order), instead of just the volume in the three-dimensional case.) Thus, if the 
N(N — 1)/2 rule were to apply, (I) would have to be replaced by the much 
smaller quantity 4rpp [In(L?/a?)| ~* In other words, L, which tends to oo in the 
thermodynamic limit, has to be replaced by the mean particle separation, p~!/? in 
the logarithmic factor. Various poetic formulations of this curious fact have been 
given, but the fact remains that the non-linearity is something that does not occur 
in more than two dimensions and its precise nature is hardly obvious, physically. 
This anomaly is the main reason that the two-dimensional case is not a trivial 
extension of the three-dimensional one. 

Eq. (8.1) was proved in for nonnegative, finite range two-body poten- 
tials by finding upper and lower bounds of the correct form, using similar ideas 
as in the previous chapter for the three-dimensional case. We discuss below the 
modifications that have to be made in the present two-dimensional case. The re- 
striction to finite range can be relaxed as in three dimensions, but the restriction 
to nonnegative v cannot be removed in the current state of our methodology. The 
upper bounds will have relative remainder terms O(|In(pa?)|~!) while the lower 
bound will have remainder O(|In(pa?)|~1/°). It is claimed in that the rel- 
ative error for a hard core gas is negative and O(In| In(pa?)|| In(pa?)|~), which is 
consistent with our bounds. 

The upper bound is derived in complete analogy with the three dimensional 
case. The function fo in the variational ansatz (2.19) is in two dimensions also the 
zero energy scattering solution — but for 2D, of course. The result is 
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Eo(N,L)/N < ine) ee (1+ O([In(b/a)]~*)) . (3.2) 


The minimum over b of the leading term is obtained for b = (21p)~'/?. Inserting 


this in (8-2) we thus obtain 


An 
Ep(N,L)/N < —£— (1+ 0(|In(pa?)|“4)). (3.3) 
| In(pa?)| 
To prove the lower bound the essential new step is to modify Dyson’s lemma 
for 2D. The 2D version of Lemma.5jis: 


Lemma 3.1. Let u(r) > 0 and u(r) =0 forr > Ro. Let U(r) > 0 be any function 
satisfying 


i? U(r) In(r/a)rdr <1 and = U(r)=0 forr< Ro. (3.4) 
0 


29 


Let B C R? be star-shaped with respect to 0 (e.g. convex with 0 € B). Then, for all 
functions w in the Sobolev space H'(B), 


i: (| Ves)? + F(|x))bO0[2) ax > pw | U(lx)W)? dx. (3.5) 
B B 


Proof. In polar coordinates, r,@, one has |Vw|? > |Ow/Or|?. Therefore, it suffices 
to prove that for each angle 6 € [0,27), and with w(r, @) denoted simply by f(r), 


R(0) R(@) 
7 (ulOf(r)/Ar]? + Z0(r)|f(r)?) rar > vf U(r)|f(r)? rdr, (3.6) 


where R(@) denotes the distance of the origin to the boundary of B along the ray 0. 
If R(@) < Ro then (B:6) is trivial because the right side is zero while the left 
side is evidently nonnegative. (Here, v > 0 is used.) 
If R(O) > Ro for some given value of 6, consider the disc D(9) = {x € R? 0 < 
|x| < R(@)} centered at the origin in R? and of radius R(@). Our function f defines 
a radial function, x +> f (|x|) on D(@), and (8.6) is equivalent to 


Ba.) tee \ dk shat itself 
[. (uiv six) + sullxi) F(x) Ja zu ful IF (x|)|2dx. (3.7) 


Now choose some R € (Ro, R(@)) and note that the left side of 7) is not 
smaller than the same quantity with D(@) replaced by the smaller disc Dr = {x € 
R? 0 < |x| < R}. (Again, v > 0 is used.) We now minimize this integral over 
Dr, fixing f(R). This minimization problem leads to the zero energy scattering 
equation. Plugging in the solution and integrating by parts leads to 

a 2,1 2 2m 2 
2m MOF(r)/Or|" + so(r)|F(r)I° ) rdr > — | f(R)I°. (3.8) 
0 2 In(R/a) 


The proof is completed by multiplying both sides of (8:8) by U(R)RIn(R/a) and 
integrating with respect to R from Ro to R(A). 


As in Corollary2.6] Lemma[B.1]can be used to bound the many body Hamil- 
tonian Hy from below, as follows: 


Corollary 3.2. For any U as in LemmaB ll and any0<e<1 


Hy > Ty + (l—e)uW (3.9) 
with Ty = —p yy A; and 
N 
W(x1,...,Xnv) = U | min |x; — x;|. }. 3.10 
(xt, 3e8) = 00 (mip bes) (3.10) 
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For U we choose the following functions, parameterized by R > Ro: 


R)-! for R <R 
naa Se (3.11) 
0 otherwise 
with v(R) chosen so that 
R 
| Ur(r) In(r/a)r dr = 1 (3.12) 
Ro 


for all R > Ro, i.e., 


R 
y(R) = | In(r/a)r dr = 5 { R? (In(R?/a?) — 1) — RG (In(Rj/a?) — 1)}. (3.13) 
Ro 

The nearest neighbor interaction corresponding to Up will be denoted Wr. 

As in Section[22]we shall need estimates on the expectation value, (Wr)o, of 

Wr in the ground state of eT of (8.9) with Neumann boundary conditions. This 

is just the average value of Wr in a hypercube in R?. Besides the normalization 

factor v(R), the computation involves the volume (area) of the support of Up, 
which is 

A(R) = 1(R? — R2). (3.14) 


In contrast to the three-dimensional situation the normalization factor v(R) 
is not just a constant (R independent) multiple of A(R); the factor In(r/a) in 
(8.4) accounts for the more complicated expressions in the two-dimensional case. 
Taking into account that Up is proportional to the characteristic function of a 
disc of radius R with a hole of radius Ro, the following inequalities for n particles 
in a box of side length ¢ are obtained by the same geometric reasoning as lead to 


C9, cf. [LY 


(Wr)o => ra (1 = any! [1 -(1- gy] (3.15) 
(Wa)o S am [1-a-Qye?] (3.16) 

with 
Q = A(R)/l (3.17) 


being the relative volume occupied by the support of the potential UR. Since 
U2 = v(R)~'UR we also have 


n 


(Wo < AR) 


(Wr)o- (3.18) 
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As in we estimate [1 — (1 — Q)"-))] by 


= _a—eye-)) s —@ =e 
(n—@2[1-0-a] > TG (3.19) 
This gives 
n(n — 1) Q 
(Wr)o = WR) : to Do’ (3.20) 
(Wr)o < tah “i (3.21) 
From Temple’s inequality [T] we obtain like in (2:51) the estimate 
Ey(n, 0) > (1—«)(Wa)o (: - S aaieeretal (3.22) 
(Wr)o(E; ’ — u(Wr)o) 
where 
po = (3.23) 


ee 
is the energy of the lowest excited state of eT;,,. This estimate is valid for EO) /p> 


(Wr)o, ie., it is important that @ is not too big. 
Putting (8.20)- (3.22) together we obtain the estimate 


E(n,€) > Mn : — K(n) (3.24) 
with 
_ (1 — 22) n 
BS el tea ( ~ CHR) nn 1) 3) 0828) 


Note that Q depends on @ and R, and K depends on @, R and « besides n. We have 
here dropped the term (Wp)é in the numerator in (3:22), which is appropriate for 
the purpose of a lower bound. 

We note that K is monotonically decreasing in n, so for a given n we may 
replace K(n) by K(p) provided p > n. As explained in the previous chapter, 
(2.58)—(2.65), convexity of n> n(n —1) together with superadditivity of Eo(n, 2) 
in n leads, for p = 4pé?, to an estimate for the energy of N particles in the large 
box when the side length L is an integer multiple of @: 


(1 - =) K (4p?) (3.26) 


with p= N/L?. 
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Let us now look at the conditions on the parameters ¢, R and @ that have to 
be met in order to obtain a lower bound with the same leading term as the upper 


bound G3). 
From (8.13) we have 
A(R) An 


TR) = Tao (17 OC(R3/B?) in(R/Ro)) (3.27) 


We thus see that as long as a < R < p~1/? the logarithmic factor in the de- 
nominator in (8.27) has the right form for a lower bound. Moreover, for Temple’s 
inequality the denominator in the third factor in (8-25) must be positive. With 
n = 4p? and v(R) > (const.)R? In(R?/a?) for R > Ro, this condition amounts 
to 

(const.)e n(R?/a?)/l? > p?é". (3.28) 


The relative error terms in (8.26) that have to be < 1 are 


1 R 
pl?’ el? 


ptt 


R?, —____, 
PA) ER2n(R2/a2) 


é, (3.29) 


We now choose 
e~ |In(pa?)|-, bw p7/?|In(pa?)|/°,  R~ p-/?|In(pa?)|-/29 (3.30) 


Condition (8.28) is satisfied since the left side is > (const.)|In(pa?)|°/> and 
the right side is ~ | In(pa?)|?/°. The first three error terms in (8.29) are all of the 
same order, | In(pa?)|~!/°, the last is ~ |In(pa?)|~1/5(In | In(pa?)|)-!. With these 
choices, (8.26) thus leads to the following: 

Theorem 3.3 (Lower bound). For all N and L large enough, such that L > 
(const. )p~!/?|In(pa?)|'/1° and N > (const. )|In(pa?)|1/> with p = N/L?, the 
ground state energy with Neumann boundary condition satisfies 


Arup 2))-1/5 
Bo(N, LIN > oy (1 = O({In(pa?)-"°)). (3.31) 


In combination with the upper bound (8.3) this also proves 


Theorem 3.4 (Energy at low density in the thermodynamic limit). 


eo(p) 


lim ——————~.——. = 1 3.32 
amen Ar jup| In(pa?)|~ a2) 


where eo(p) = limy—oo Eo(N, p-'/2N1/2)/N. This holds irrespective of boundary 


conditions. 
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As in the three-dimensional case, Theorem [8.4] is also valid for an infinite 
range potential v provided that v > 0 and for some R we have fe u(r)r dr < 00, 
which guarantees a finite scattering length. 
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Chapter 4 


Generalized Poincaré 
Inequalities 


This chapter contains some lemmas that are of independent mathematical interest, 
but whose significance for the physics of the Bose gas may not be obvious at this 
point. They will, however, turn out to be important tools for the discussion of 
Bose-Einstein condensation (BEC) and superfluidity in the next chapters. 

The classic Poincaré inequality bounds the £%-norm of a function, f, 
orthogonal to a given function g in a domain K, in terms of some L?-norm of 
its gradient in K. For the proof of BEC we shall need a generalization of this 
inequality where the estimate is in terms of the gradient of f on a subset Q CK 
and a remainder that tends to zero with the volume of the complement 0° = K\Q. 
For superfluidity it will be necessary to generalize this further by adding a vector 
potential to the gradient. This is the most complex of the lemmas because the 
other two can be derived directly from the classical Poincaré inequality using 
Holder’s inequality. The first lemma is the simplest variant and it is sufficient for 
the discussion of BEC in the case of a homogeneous gas. In this case the function 
g can be taken to be the constant function. The same holds for the second lemma, 
which will be used for the discussion of superfluidity in a homogeneous gas with 
periodic boundary conditions, but the modification of the gradient requires a more 
elaborate proof. The last lemma, that will be used for the discussion of BEC in 
the inhomogeneous case, is again a simple consequence of the classic Poincaré and 
Holder inequalities. For a more comprehensive discussion of generalized Poincaré 
inequalities with further generalizations we refer to |LSeY 7). 


36 Chapter 4. Generalized Poincaré Inequalities 


Lemma 4.1 (Generalized Poincaré inequality: Homogeneous case). Let K C R® be 
a cube of side length L, and define the average of a function f € L'(K) by 


(Ne = aa f foex. 


There exists a constant C such that for all measurable sets Q C K and all f € 
H'(K) the inequality 


i 2) — (A)ePex < 6 (2? [ iv scoPax + ore I IVF (x) Pe) (4.1) 


holds. Here O° =K\Q, and|-| denotes the measure of a set. . 


Proof. By scaling, it suffices to consider the case LE = 1. Using the usual Poincaré- 
Sobolev inequality on K (see [LLo], Thm. 8.12), we infer that there exists a C > 0 
such that 


If — (PxllZ20c) 


IA 


SCV E llzersccy 
C(IIVEBes@ +IIV Flea) (42) 


IA 


Applying Hélder’s inequality 
IV flea) < IV fllz2cay 2/8 


(and the analogue with 2 replaced by 9°), we see that (ZI) holds. 


In the next lemma XK is again a cube of side length L, but we now replace 
the gradient V by 


where vy is a real parameter, and require periodic boundary conditions on K. 


Lemma 4.2 (Generalized Poincaré inequality with a vector potential). For any 
|p| < m there are constants c > 0 and C < o such that for all subsets QC K 
and all functions f € H*(K) with periodic boundary conditions on K the following 


estimate holds: 
2 y? 2 c 2 
IVofllze~a) 2 allFllz2cc) + zallf — (fc liz2cK) 


2 A cai jarl\? 
- 6 (IV fla00 + Zallllise) (EE). a 


Here |Q°| is the volume of O° =K\Q, the complement of Q in K. 


37 


Proof. We shall derive (£4) from a special form of this inequality that holds for all 
functions that are orthogonal to the constant function. Namely, for any positive 
a < 2/3 and some constants c > 0 and C < 00 (depending only on a and |y| < 7) 
we claim that 


2 


yr +e af \OeI\ 
IV oh) > EMA —E (FE) Veta 8) 


provided (1,h)< = 0. (Remark: Eq. (45) holds also for a = 2/3, but the proof 
is slightly more complicated in that case. See [LSeY7].) If (£5) is known the 
derivation of (£4) is easy: For any f, the function h = f—L~3(1, f) x is orthogonal 
to 1. Moreover, 


IMehliz@) = IMehllizae — IVehlZ2% 
2 c 
By [N¢| 

IVefllZ2(a) _ [2 (L ue, fc? (1 ny L3 ) 


+2ERe(L*?, f)c(Vof b>) 


2 
YP _ 
Veoh lize) — SelL*”, fl? 


s BP 
ly| 1 ah ee 
1 L|Vof llZ2¢) nip Zl Fllz2ccy Te 
(4.6) 
and 
6a ay y? 2 -3/2 2 
Frieze) = % (Flac) - ME?” Nel?) 
c = 

+aallf—L 9(1, f)xllZ2ccy - (4.7) 


Setting a = 4, using ||VyAl|z2cc) < ||Vef|lz2ac in the last term in (L5) and 
combining (£5), (£0) and (£7) gives (J) with C = |y| +C. 

We now turn to the proof of (£5). For simplicity we set L = 1. The general 
case follows by scaling. Assume that (45) is false. Then there exist sequences 
of constants Cy, — oo, functions hy with ||hn||z2¢c) = 1 and (1,hn)x = 0, and 
domains 2, C K such that 


Tim {lI Vehalldaca,y + Cal OI IV Paz} $e (4.8) 


We shall show that this leads to a contradiction. 
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Since the sequence h, is bounded in L?(K), it has a subsequence, deno- 
ted again by h,, that converges weakly to some h € L?(K) (ie, (g,hn)K 
(g,h) for all g € L?(K)). Moreover, by Hélder’s inequality the L?(Q¢) norm 
Vehnllzea@c) = foe [Veh(x)|Pdx)!/? is bounded by |28|°/?||VyRnllzaac) for 
p = 2/(a+1). From ewe we conclude that ||Vyhn||z»(q¢) is bounded and also 
that ||Vyhnllze(a,) < ||Vehnllz2(@,,) is bounded. Altogether, Vyhn is bounded 
in L?(K), and by passing to a further subsequence if necessary, we can therefore 


assume that V,h, converges weakly in L?(). The same applies to Vhy. Since 
p = 2/(a+1) with a < 2/3 the hypotheses of the Rellich-Kondrashov Theorem 
Thm. 8.9] are fulfilled and consequently h, converges strongly in L?(K) to 
h (ie., ||hk — hn||t2¢c) — 0). We shall now show that 


lim inf || VpPall22c2,) 2 IVehllZ2¢0) - (4.9) 


This will complete the proof because the hy, are normalized and orthogonal to 1 


and the same holds for h by strong convergence. Hence the right side of (£9) is 


2 
yp? 


necessarily > —y?, since for |y| < 7 the lowest eigenvalue of —V2,, with constant 
eigenfunction, is non-degenerate. This contradicts (4.8). 

Eq. (£9) is essentially a consequence of the weak lower semicontinuity of 
the L? norm, but the dependence on 2, leads to a slight complication. First, 
Eq. (£8) and C,, — oo clearly imply that |Q7| — 0, because ||VyhnllZ2¢¢) > 
By choosing a subsequence we may assume that }>,, |Q%| < oo. For some fixed 
N let Qy = K\ UnzwO%. Then Qn CQ for n > N. Since ||Vyhnll?ocq,) is 
bounded, Vyhn is also bounded in L?(Qy) and a subsequence of it converges 
weakly in L?(Qy) to Vyh. Hence 

lim inf |Vphnll32¢0,) > limint ||Vyhnlleoggy 2 lVohlZagyy (4-20) 
Since Ow C Ona and Urns = K (up to a set of measure zero), we can now let 
N — o on the right side of (£10). By monotone convergence this converges to 


I|V ph|lZ2cc): This proves which, as remarked above, contradicts (£8). 


The last lemma is a simple generalization of Lemma J] with K Cc R™ a 
bounded and connected set that is sufficiently nice so that the Poincaré-Sobolev 
inequality (see Thm. 8.12]) holds on K. In particular, this is the case if 
K satisfies the cone property (LhLo| (e.g., if K is a rectangular box or a cube). 
Moreover, the constant function on K is here replaced by a more general bounded 
function. 
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Lemma 4.3 (Generalized Poincaré inequality: Inhomog. case). For d > 2 let K C 
R?@ be as explained above, and let h be a bounded function with le h = 1. There 
exists a constant C (depending only on K and h) such that for all measurable sets 
QCK and all f € H'(K) with ty fhdx = 0, the inequality 


vregrae<c( fivreaPacs (LY f pvrooeae) aay 
Kk Q || Kk 


holds. Here |-| denotes the measure of a set, andQ° =K\Q. 


Proof. By the usual Poincaré-Sobolev inequality on K (see Thm. 8.12]), 


A 


LF. S OV FlRsaiearsicg 
(K) 
26 (IIVFlzeanaroeay + IVF eararagaey) > (4.12) 


IA 


ifd >2and f, fh =0. Applying Hélder’s inequality 
Vf llnzaataay S [IV fll cay (21/4 


(and the analogue with 9 replaced by 9°), we see that (£4) holds with C = 
a|\K/?/4C. 


Chapter 5 


Bose-Einstein Condensation and 
Superfluidity for Homogeneous 
Gases 


5.1 Bose-Einstein Condensation 


Bose-Einstein condensation (BEC) is the phenomenon of a macroscopic occupa- 
tion of a single one-particle quantum state, discovered by Einstein for thermal 
equilibrium states of an ideal Bose gas at sufficiently low temperatures [E]. We are 
here concerned with interacting Bose gases, where the question of the existence 
of BEC is highly nontrivial even for the ground state. Due to the interaction the 
many body ground state is not a product of one-particle states but the concept 
of a macroscopic occupation of a single state acquires a precise meaning through 
the one-particle density matrix, as discussed in Section [2] Namely, this is the 
statement that the operator on L?(R%) (d = 2 or 3) given by the kernel 


¥(x, x’) = Nf Yolx, X)Wo(x’, X)dX (5.1) 


has an eigenvalue of order N. Here, Vg denotes the normalized ground state wave 
function. In case the eigenfunction corresponding to the largest eigenvalue of 7 is 
constant (or, at least, not orthogonal to the constant function), this means that 


= ic y)dxdy > cN (5.2) 


for all large N, with c > 0 depending only on the density N/L‘. 
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The problem remains open after more than 75 years since the first investi- 
gations on the Bose gas [B]{E]. Our construction in Chapter ]shows that (in 3D) 
BEC exists on a length scale of order (9~!Y~!/17)1/3 which, unfortunately, is not 
a ‘thermodynamic’ length like volume!/*. The same remark applies to the 2D case 
L/2) In(pa?)|*/1°, 

In a certain limit, however, one can prove (5.2), as has been shown in ; 


of Chapter B] where BEC is proved over a length scale p~ 


In this limit the interaction potential v is varied with N so that the ratio a/L of 
the scattering length to the box length is of order 1/N, i.e., the parameter Na/L 
is kept fixed. Changing a with N can be done by scaling, i.e., we write 


v( 1) = 01 (lx/a) (5.3) 


for some v; having scattering length 1, and vary a while keeping v, fixed. It is 
easily checked that the v so defined has scattering length a. It is important to note 
2/3 since L = (N/p)'/3 ~ NYV/3 
for p fixed), and v becomes a hard potential of short range. This is the opposite of 


that, in the limit considered, a tends to zero (as N— 


the usual mean field limit where the strength of the potential goes to zero while 
its range tends to infinity. 

We shall refer to this as the Gross-Pitaeuskii (GP) limit since Na/L will 
turn out to be the natural interaction parameter for inhomogeneous Bose gases 
confined in traps, that are described by the Gross-Pitaevskii equation discussed 
in Chapters [6] and [7] Its significance for a homogeneous gas can also be seen by 
noting that Na/L is the ratio of pa to 1/L?, ie., in the GP limit the interaction 
energy per particle is of the same order of magnitude as the energy gap in the 
box, so that the interaction is still clearly visible, even though a — 0. Note that 
pa? ~ N~? in the GP limit, so letting N — oo with p fixed and Na/L fixed can be 
regarded as a simultaneous thermodynamic and low density limit. For simplicity, 
we shall here treat only the 3D case. 


Theorem 5.1 (BEC in a dilute limit). Assume that, as N — oo, p = N/L® and 


g = Na/L stay fixed, and impose either periodic or Neumann boundary conditions 


for Hy. Then 
dim oa [fo (x, y)dxdy =1. (5.4) 


The reason we do not deal with Dirichlet boundary conditions at this point 
should be clear from the discussion preceding the theorem: There would be an 
additional contribution ~ 1/L? to the energy, of the same order as the interaction 


1By scaling, this is mathematically equivalent to fixing the interaction potential v (and there- 
fore fixing a) but taking L ~ N, ie., p= N/L3 ~ N-?. 
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energy, and the system would not be homogeneous any more. Dirichlet boundary 
conditions can, however, be treated with the methods of Chapter [J] 

By scaling, the limit in Theorem[5-JJis equivalent to considering a Bose gas 
in a fixed boz of side length LZ = 1, and keeping Na fixed as N > oo, i.e., a~ 1/N. 
The ground state energy of the system is then, asymptotically, N x 47Na, and 
Theorem[5.JJimplies that the one-particle reduced density matrix y of the ground 
state converges, after division by N, to the projection onto the constant function. 
An analogous result holds true for inhomogeneous systems as will be discussed in 
Chapter [7] 

The proof of Theorem [1] has two main ingredients. One is localization of 
the energy that is stated as Lemma[5_2] below. This lemma is a refinement of the 
energy estimates of Section22Qjand says essentially that the kinetic energy of the 
ground state is concentrated in a subset of configuration space where at least one 
pair of particles is close together and whose volume tends to zero as a — 0. The 
other is the generalized Poincaré inequality, Lemma[4.]] from which one deduces 
that the one-particle density matrix is approximately constant if the kinetic energy 
is localized in a small set. 

The localization lemma will be proved in a slightly more general version 
than is necessary for Theorem[5.]] namely with the gradient V replaced by V, = 
V + i(0,0,~/L), cf. Eq. (£3). We denote by Hf, the corresponding many-body 
Hamiltonian (21) with V, in place of V. This generalization will be used in 
the subsequent discussion of superfluidity, but a reader who wishes to focus on 
Theorem [5.1] only can simply ignore the y and the reference to the diamagnetic 
inequality in the proof. We denote the gradient with respect to x; by V1, and the 
corresponding modified operator by V1,,. 


Lemma 5.2 (Localization of energy). Let K be a box of side length L. For all 
symmetric, normalized wave functions U(x),...,xn) with periodic boundary con- 
ditions on K, and for N > Y~/27, 


1 
—(U,Hyv) > (1—const.¥1/17) 


N 
x (4rupa + u [ dX dx, [Vip (x1, x)|’) : 
KN-1 Ox 
(5.5) 
where X = (X2,...,Xn), dX = iW ee dx;, and 
Ox = {x : min |x; — x,| > al (5.6) 
j22 


with R= aY~*/1", 
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Proof. Since V is symmetric, the left side of (5.5) can be written as 
/ ax | dx, [Hl Vie% Oa, X)/? +$5— v(/x1 — x;|)/¥(x1,X)?] - (5.7) 
KN-1 K 
j22 


For any ¢ > 0 and R > 0 this is 


>eT+(1—e)(T™+1)+(1—-e)TO™, (5.8) 
with 
T=n | ax | dx,|Vi|¥(x1,X)||” , (5.9) 
KN-1 K 
rin =n [ ax | dx; |Vi|W(x1,X)||° , (5.10) 
KN-1 rola 
TOM = a dX [|  dx:|Vip¥(x1,X)]", (5.11) 
KN-1 Ox 
and 
T= +/ ax [ dx, S > v(|x:1 = x;|)|W(x1, X)|? 7 (5.12) 
a G2 
Here 
OX = {x1 :|x1 — x,| < R for some j > 2} (5.13) 


is the complement of Qx, and the diamagnetic inequality Vara r = 
IV | f (x)||? has been used. The proof is completed by using the estimates used 
for the proof of Theorem 2.4, in particular and @.67)-(2-20), which tell us 
that for e = Y/" and R = aY-5/17 


eT + (1—e)(T™ +1) > (1—const.Y'/1") 4nypa (5.14) 


as long as N > Y~'/17, 


Proof of Theorem.1} We combine Lemmaf.2] (with y = 0 and hence Hy, = Hw) 
with Lemma[ZJ] that gives a lower bound to the second term on the right side of 
(6.5). We thus infer that, for any symmetric VW with (UV, v) = 1 and for N large 


enough, 


1 us 
HU: Hw ¥)(1 — const. ¥/17)™ 
1 1 
1/17 2 
> 4nupa— CY (= — —(0,00, V7) 
2 
fe ax [ dx, |U(x1,X) — LL f dxW (x, X)]| ; 
LT? KN-1 kK K 


(5.15) 
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where we used that |Q°| < “NR? = const. L?Y?/1". For the ground state wave 
function Vp the energy per particle, N7*(W, HyWo), is bounded from above by 
Arppa(1 + const Y'!/3) according to (214). The same holds for the kinetic energy 
per particle, —N7~!(W0, 0; Vio) that appears on the right side of (5.15). We 
now multiply the inequality (15) by L? and use the upper bound (2.14). The 
terms 4rpupaL? on both sides of the resulting inequality cancel. For the remaining 
terms we note that in the limit considered pal? = const. while Y > 0. Hence the 


positive last term has to vanish in the limit and because c > 0 this means 


2 
lim ax | dx, |Wo(x1, X) ~ 1 [ fdxWo(x, x)]| =0. (5.16) 
K 


N-oo KN-1 


This proves (.4), since 
2 
| ax | dx, |Vo(x, X) — L-8[ [dx Wo (x, X)] | 
KN-1 kK 


1 
aie ! 2 : 
WES = (x, x’ )dxdx (5.17) 


5.2 Superfluidity 


The phenomenological two-fluid model of superfluidity (see, e.g., [['T]) is based 
on the idea that the particle density p is composed of two parts, the density ps; of 
the inviscid superfluid and the normal fluid density py. If an external velocity field 
is imposed on the fluid (for instance by moving the walls of the container) only 
the viscous normal component responds to the velocity field, while the superfluid 
component stays at rest. In accord with these ideas the superfluid density in the 
ground state is often defined as follows [HoM]: Let Ep denote the ground state 
energy of the system in the rest frame and £4 the ground state energy, measured 
in the moving frame, when a velocity field v is imposed. Then for small v 
Ei Eo 


= py t (es/o)gmv? + O(vi*) (5.18) 


where N is the particle number and m the particle mass. At positive temperatures 
the ground state energy should be replaced by the free energy. (Remark: It is 
important here that (6.18) holds uniformly for all large N; i.e., that the error 
term O(|v|*) can be bounded independently of N. For fixed N and a finite box, 
Eq. (6.18) with p;/p = 1 always holds for a Bose gas with an arbitrary interaction 
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if v is small enough, owing to the discreteness of the energy spectrum.”) There are 
other definitions of the superfluid density that may lead to different results [PrSv], 
but this is the one we shall use here. We shall not dwell on this issue since it is not 
clear that there is a “one-size-fits-all” definition of superfluidity. For instance, in 
the definition we use here the ideal Bose gas is a perfect superfluid in its ground 
state, whereas the definition of Landau in terms of a linear dispersion relation of 
elementary excitations would indicate otherwise. Our main result is that with the 
definition adopted here there is 100% superfluidity in the ground state of a 3D 
Bose gas in the GP limit explained in the previous section. 

One of the unresolved issues in the theory of superfluidity is its relation to 
Bose-Einstein condensation (BEC). It has been argued that in general neither 
condition is necessary for the other (c.f., e.g., [KT}), but in the case 
considered here, i.e., the GP limit of a 3D gas, we show that 100% BEC into the 
constant wave function (in the rest frame) prevails even if an external velocity 
field is imposed. A simple example illustrating the fact that BEC is not necessary 
for superfluidity is the 1D hard-core Bose gas. This system is well known to have a 
spectrum like that of an ideal Fermi gas (see also ChapterBJland Appendix[B), 
and it is easy to see that it is superfluid in its ground state in the sense of (5-18). 
On the other hand, it has no BEC [PiSt]. The definition of the superfluid 
velocity as the gradient of the phase of the condensate wave function 
is clearly not applicable in such cases. 

We consider a Bose gas with the Hamiltonian (2-]) in a box K of side length L, 
assuming periodic boundary conditions in all three coordinate directions. Imposing 


an external velocity field v = (0,0,+|v|) means that the momentum operator 
p = —ifAV is replaced by p— mv, retaining the periodic boundary conditions. The 
Hamiltonian in the moving frame is thus 


Hy =-b> V2,+ S> v(lxi—x,)), (5.19) 
j=l 1<i<j<N 
where V;,, = V; +i(0,0, y/L) and the dimensionless phase y is connected to the 


velocity v by 


+}v|Lm 
ML 520) 


?The ground state with v = 0 remains an eigenstate of the Hamiltonian with arbitrary v (but 


not necessarily a ground state) since its total momentum is zero. Its energy is 4mNv? above 
the ground state energy for v = 0. Since in a finite box the spectrum of the Hamiltonian for 
arbitrary v is discrete and the energy gap above the ground state is bounded away from zero 
for v small, the ground state for v = 0 is at the same time the ground state of the Hamiltonian 


with v if 4mNv? is smaller than the gap. 


5.2. Superfluidity AT 


Let Eo(N, a, y) denote the ground state energy of (5.19) with periodic bound- 
ary conditions. Obviously it is no restriction to consider only the case —7 < yp <7, 
since FE is periodic in y with period 2a (see Remark 1 below). For Vo the ground 
state of H},, let yw be its one-particle reduced density matrix . We are interested 
in the Gross-Pitaevskii (GP) limit N — co with Na/L fixed. We also fix the box 
size L. This means that a should vary like 1/N which, as explained in the pre- 
vious section, can be achieved by writing v(r) = a~?u1(r/a), where v, is a fixed 
potential with scattering length 1, while a changes with N. 


Theorem 5.3 (Superfluidity and BEC of homogeneous gas). For |y| < 7 


Eo(N, a, v) : 


lim = 4mpap+ wes (5.21) 


N—-0o N 
in the limit N — oo with Na/L and L fixed. Here p = N/L°, so ap is fixed too. 
In the same limit, for |p| < 7, 


1 
fh ae) (5.22) 


Noo N = TS 
in trace class norm, i.€., limy—oo tr [ lv /N =|) |] —0. 


Note that, by the definition (5.18) of p; and Eq. (6.20), Eq. (21) means 
that ps = p, ie., there is 100% superfluidity. For » = 0, Eq. (5-21) follows from 


Eq. (28), while (5.22) for y = 0 is the BEC of Theorem]? 
Remarks: 1. By a unitary gauge transformation, 
(UW) (x1,...,xw) = bi *)/F Gexy,..., xn) , (5.23) 


the passage from (2-1) to (19) is equivalent to replacing periodic boundary con- 
ditions in a box by the twisted boundary condition 


W(x1 =F (0, 0, L), x2, nse ,Xn) = e'?W (x1, X2, oe ,Xn) (5.24) 


in the direction of the velocity field, while retaining the original Hamiltonian (2.1). 
2. The criterion |y| < ma means that |v| < 7h/(mL). The corresponding 
energy 4m(mh/(mL))? is the gap in the excitation spectrum of the one-particle 
Hamiltonian in the finite-size system. 
3The convention in Theorem [5.1] where p and Na/L stay fixed, is different from the one 


employed here, where L and Na/L are fixed, but these two conventions are clearly equivalent by 


scaling. 


48 Chapter 5. BEC and Superfluidity for Homogeneous Gases 


3. The reason that we have to restrict ourselves to |y| < 7 in the second part 
of Theorem 3.3] is that for |y| = 7 there are two ground states of the operator 
(V +ig/L)? with periodic boundary conditions. All we can say in this case is that 
there is a subsequence of yy that converges to a density matrix of rank < 2, whose 
range is spanned by these two functions 


Proof of Theorem[.3] As in the proof of Theorem[.i}we combine the localization 
Lemma.) this time with y 4 0, and a generalized Poincaré inequality , this time 
Lemma [42] We thus infer that, for any symmetric YW with (V,W) = 1 and for N 


large enough, 


1 -1 
ag HW) (1 — const. ¥1/17) 
y 1/17 1 1 2 
> Atppa+ Ua —CY (= a + (Dj; Vjp¥)) 


Cc 


2 
+ f,& | dx] ¥00,X) - 1° [ fedex, ¥)]| 


where we used that |Q°| < 4£NR* = const. LY?/17. From this we can infer 
two things. First, since the kinetic energy, divided by N, is certainly bounded 
independently of N, as the upper bound shows, we get that 


Eo(N, a, ~) y? 
N 


lim inf > 4rppa+ Uae (5.25) 


N—-oo 
for any |y| < 7. By continuity this holds also for |p| = 7, proving (6.21). (To 
be precise, Eo/N — wy? L~? is concave in y, and therefore stays concave, and in 
particular continuous, in the limit N — oo.) Secondly, since the upper and the 
lower bounds to Eo agree in the limit considered, the positive last term in (6.15) 
has to vanish in the limit. Le., we get that for the ground state wave function Vo 
of Hy 

2 
lim ax | dx, |Wo(x1, X) ~ 1 3| fedxWo(x, x)]| =0. (5.26) 
K 


N—-oo KN-1 


Using again (6.17), this proves (6.22) in a weak sense. As explained in [LSe][LSSY], 
this suffices for the convergence N~!yy — |L~3/2)(L~%/?| in trace class norm. 


Theorem[5,3]can be generalized in various ways to a physically more realistic 
setting, for example replacing the periodic box by a cylinder centered at the origin. 
We shall comment on such extensions at the end of Chapter [7] 


Chapter 6 


Gross-Pitaevskii Equation for 
Trapped Bosons 


In the recent experiments on Bose condensation (see, e.g., IKD]), the particles 
are confined at very low temperatures in a ‘trap’ where the particle density is 
inhomogeneous, contrary to the case of a large ‘box’, where the density is essen- 
tially uniform. We model the trap by a slowly varying confining potential V, with 
V(x) — 00 as |x| — oo. The Hamiltonian becomes 


N 
H=S{-pAit+V(x)}+ S2 v(lxi—xyl) . (6.1) 
i=1 1<i<j<N 
Shifting the energy scale if necessary we can assume that V is nonnegative. The 
ground state energy, iw, of —wA + V(x) is a natural energy unit and the corre- 
sponding length unit, \/h/(mw) = \/2u/ (hw) = Lose, is a measure of the extension 
of the trap. 
In the sequel we shall be considering a limit where a/ Los. tends to zero while 
N — oo. Experimentally a/DZos- can be changed in two ways: One can either vary 
Lose or a. The first alternative is usually simpler in practice but very recently 
a direct tuning of the scattering length itself has also been shown to be feasible 
[CCRCW]. Mathematically, both alternatives are equivalent, of course. The first 
corresponds to writing V(x) = L52Vi(x/Losc) and keeping V, and v fixed. The 
second corresponds to writing the interaction potential as v(|x|) = a~?v1(|x|/a) 
like in (3), where v; has unit scattering length, and keeping V and v; fixed. This 
is equivalent to the first, since for given V; and v; the ground state energy of (6.1), 
measured in units of Aw, depends only on N and a/Losc. In the dilute limit when a 


50 Chapter 6. Gross-Pitaevskii Equation for Trapped Bosons 


is much smaller than the mean particle distance, the energy becomes independent 
of vy. 

We choose Losc as a length unit. The energy unit is hw = 2uL52 = 2p. 
Moreover, we find it convenient to regard V and v, as fixed. This justifies the 
notion Eo(N,a) for the quantum mechanical ground state energy. 

The idea is now to use the information about the thermodynamic limiting 
energy of the dilute Bose gas in a box to find the ground state energy of (GJ) in an 
appropriate limit. This has been done in and in this chapter we 
give an account of this work. As we saw in Chapters] and] there is a difference 
in the p dependence between two and three dimensions, so we can expect a related 


difference now. We discuss 3D first. 


6.1 Three Dimensions 


Associated with the quantum mechanical ground state energy problem is the 
Gross-Pitaevskii (GP) energy functional 


ESP ig] = [, (ul Vel? + V\dl? + 4rpald|*) dx (6.2) 


with the subsidiary condition 


[ween, (6.3) 
R3 
As before, a > 0 is the scattering length of v. The corresponding energy is 
ES?(N,a)= inf €°?P[d] = ESP [6°F)], 6.4 
(N, a) nea [9] lor] (6.4) 


with a unique, positive ¢¢P. The existence of the minimizer ¢¢" is proved by 
standard techniques and it can be shown to be continuously differentiable, see 
[LSeYiJ, Sect. 2 and Appendix A. The minimizer depends on N and a, of course, 
and when this is important we denote it by $§"). 

The variational equation satisfied by the minimizer is the GP equation 


— HAG (x) + V(x)dS? (x) + Stag?” (x)? = wSPASP(K), (6.5) 
where y@P is the chemical potential, given by 


uC? = dESP(N,a)/dN = ESP (N,a)/N + (4npa/N) / \o°P (x)|4dx. (6.6) 


6.1. Three Dimensions 51 


The GP theory has the following scaling property: 
ES? (N,a) = NES? (1, Na), (6.7) 


and 

GP 1/2 ;GP 

Max) = NY? gr hg(x). (6.8) 
Hence we see that the relevant parameter in GP theory is the combination Na. 


We now turn to the relation of ECP and ¢¢? to the quantum mechanical 
ground state. If v = 0, then the ground state of (6.]) is 


Wo(xi,...,Xn) = TI, ¢0(x:) 


with #9 the normalized ground state of —uA + V(x). In this case clearly ¢¢P = 
VN ¢o, and then EGP = Niw = Ep. In the other extreme, if V(x) = 0 for x 
inside a large box of volume L? and V(x) = oo otherwise, then ¢¢? ~ \/N/L3 
and we get ESP(N,a) = 4ryaN?/L?, which is the previously considered energy 
Eo for the homogeneous gas in the low density regime. (In this case, the gradient 
term in €¢P plays no role.) 

In general, we expect that for dilute gases in a suitable limit 


erie): (6.9) 


2 
Ey = ESP and p(x) & |e? (x)| 


=p 


where the quantum mechanical particle density in the ground state is defined by 


p(x) = nf |Wo(x,xo,...,XN)|?dxo---dxy. (6.10) 
Dilute means here that 
pa? <1, (6.11) 
where 1 
p= = | WS" ooltax (6.12) 


is the mean density. 

The limit in which (6.9) can be expected to be true should be chosen so that 
all three terms in ESP make a contribution. The scaling relations (6.7) and (38) 
indicate that fixing Na as N — oo is the right thing to do (and this is quite 
relevant since experimentally N can be quite large, 10° and more, and Na can 
range from about 1 to 10+ [DGPS]). Fixing Na (which we refer to as the GP case) 
also means that we really are dealing with a dilute limit, because the mean density 
p is then of the order N (since pyjq = Nfi,nwa) and hence 


ap~ N~?. (6.13) 


The precise statement of (G9) is: 
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Theorem 6.1 (GP limit of the QM ground state energy and density). If N — co 
with Na fixed, then 


: Eo(N,a) _ 
a EGP (N, a) = 1, (6.14) 
and 
: 2 
slim, 5 PNra(X) = [OF va(%)| (6.15) 


in the weak L'-sense. 


Convergence can not only be proved for the ground state energy and density, 
but also for the individual energy components: 


Theorem 6.2 (Asymptotics of the energy components). Let wo denote the solu- 
tion to the zero-energy scattering equation for v (under the boundary condition 
lim)x|-+o0 Yo(x) = 1) and s = f |Vuo|?/(4ra). Then 0 < s <1 and, in the same 
limit as in Theorem|6.1] above, 


Nim |Voex Wo (x1, X)/Pdx, dX 


= f ivesk TNa(X)| *dx-+AnNas | |68 tive (X)|"ax, (6.16a) 
wim V(x1)|Wo(x1, X)|?dx1 dX = [veo Twa(x)|?dx, — (6.16b) 
slim 5 Sf (|x1 — x;|)|Wo(x1, X)|?dx1 dX 


= (1-s) ana |oF va (x)|4dx. (6.16c) 


Here we introduced again the short hand notation (E18). Theorem [63] is 

a simple consequence of Theorem [6.1] by variation with respect to the different 

components of the energy, as was also noted in [C$2]. More precisely, Eq. (6.14) 
can be written as 

lim x BON, aja (Na), (6.17) 


Noo 
The ground state energy is a concave function of the mass parameter ju, so it is 
legitimate to differentiate both sides of with respect to py. In doing so, it 
has to be noted that Na depends on pz through the scattering length. Using (2.13) 


one sees that F ‘ 
(ae a | IWvolPax (6.18) 
du 4 


by the Feynman-Hellmann principle, since Wo minimizes the left side of (2-13). 
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We remark that in the case of a two-dimensional Bose gas, where the relevant 
parameter to be kept fixed in the GP limit is N/|In(a?py)| (c.f. Chapter B] and 
Section 6-2), the parameter s in Theorem[6.2]can be shown to be always equal to 
1. Le., in 2D the interaction energy is purely kinetic in the GP limit (see [CSi]). 


To describe situations where Na is very large, it is appropriate to consider a 
limit where, as N > 00, a>> N7!, ie. Na — oo, but still pa? — 0. In this case, 
the gradient term in the GP functional becomes negligible compared to the other 
terms and the so-called Thomas-Fermi (TF) functional 


ETF ip] = ia (Vp + 4rpap”) dx (6.19) 


arises. (Note that this functional has nothing to do with the fermionic theory 
invented by Thomas and Fermi in 1927, except for a certain formal analogy.) It is 
defined for nonnegative functions p on R*. Its ground state energy ET and density 
p'* are defined analogously to the GP case. (The TF functional is especially 
relevant for the two-dimensional Bose gas. There a has to decrease exponentially 
with N in the GP limit, so the TF limit is more adequate; see Section[G.2] below). 
Our second main result of this chapter is that minimization of (6.19) repro- 
duces correctly the ground state energy and density of the many-body Hamiltonian 
in the limit when N — oo, a*p — 0, but Na — co (which we refer to as the TF 
case), provided the external potential is reasonably well behaved. We will assume 
that V is asymptotically equal to some function W that is homogeneous of some 
order s > 0, ie., W(Ax) = A®W(x) for all A > 0, and locally Hélder continuous 
(see for a precise definition). This condition can be relaxed, but it seems 
adequate for most practical applications and simplifies things considerably. 


Theorem 6.3 (TF limit of the QM ground state energy and density). Assume that 


V satisfies the conditions stated above. If g = Na — ~w as N > ow, but still 


a®p — 0, then 
: Eo(N, a) =. 
vi@, BIF(V.a) ~ ve) 
and 
3/(s+3) 
_ 9 ' ; 
glia, Prag’ OT) = pr (x) (6.21) 


in the weak L'-sense, where pit is the minimizer of the TF functional under the 
condition [ p=1, a=1, and with V replaced by W. 
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In the following, we will present the essentials of the proofs Theorems [6.1] 
and [6.3] We will derive appropriate upper and lower bounds on the ground state 
energy Eo. 

The proof of the lower bound in Theorem[6_l|presented here is a modified ver- 
sion of (and partly simpler than) the original proof in [LSeYJJ. For an alternative 
method see |Se5j. 

The convergence of the densities follows from the convergence of the energies 
in the usual way by variation with respect to the external potential. For simplicity, 
we set 2 = 1 in the following. 


Proof of Theorems [6.1] and[6.3] Part 1: Upper bound to the QM energy. To derive 
an upper bound on Eo we use a generalization of a trial wave function of Dyson 
[Di], who used this function to give an upper bound on the ground state energy 
of the homogeneous hard core Bose gas (c.f. Section BI). It is of the form 


N 
Wogpavaw) = |] OF &)Poigssoyen); (6.22) 


i=1 


where F is constructed in the following way: 


N 
Poti ae = |] Fee) (6.23) 
i=1 
where t; = min{|x;—x,|,1 <j < i—1} is the distance of x; to its nearest neighbor 
among the points x;,...,X;~1, and f is a function of r > 0. As in (2.19) we choose 
it to be 
b f b 
f(r) _ fo(r)/ fol ) or r < (6.24) 
1 for r>b, 


where fo is the solution of the zero energy scattering equation (2.3) and b is some 
cut-off parameter of order b ~ p~!/3. The function (€22) is not totally symmetric, 
but for an upper bound it is nevertheless an acceptable test wave function since 
the bosonic ground state energy is equal to the absolute ground state energy. 

The result of a somewhat lengthy computation, similar to the one given in 
Section I] (see for details), is the upper bound 


Eo(N,a) < ES?(N,a) (1 + O(ap'’*)) (6.25) 


Part 2: Lower bound to the QM energy, GP case. To obtain a lower bound for 
the QM ground state energy the strategy is to divide space into boxes and use 
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the estimate on the homogeneous gas, given in Theorem B.4] in each box with 
Neumann boundary conditions. One then minimizes over all possible divisions of 
the particles among the different boxes. This gives a lower bound to the energy 
because discontinuous wave functions for the quadratic form defined by the Hamil- 
tonian are now allowed. We can neglect interactions among particles in different 
boxes because v > 0. Finally, one lets the box size tend to zero. However, it is not 
possible to simply approximate V by a constant potential in each box. To see this 
consider the case of noninteracting particles, i.e., v = 0 and hence a = 0. Here 
Eo = Nhw, but a ‘naive’ box method gives only min, V(x) as lower bound, since 
it clearly pays to put all the particles with a constant wave function in the box 
with the lowest value of V. 

For this reason we start by separating out the GP wave function in each 


variable and write a general wave function V as 


N 
U(xr,...,x0) = [[ 69? (xi) F(x,..., xy). (6.26) 


i=l 


Here gS? = ",, is normalized so that f|¢9?|? = N. Eq. (626) defines F for a 
given W because ¢¢P is everywhere strictly positive, being the ground state of the 
operator —A + V + 8ra|¢SP|?. We now compute the expectation value of H in 
the state UV. Using partial integration and the variational equation for d&P , 


we see that 


(HW lege os gf eee 
wey © (N,a) = 4 fie ? + Q(F), (6.27) 
with 
Q(F) = 
isl J Titer 0°? EP 
(6.28) 


We recall that p¢? (x) = lor (x)|?. For computing the ground state energy of H 
we have to minimize the normalized quadratic form Q. Compared to the expression 
for the energy involving W itself we have thus obtained the replacements 


N N 
V(x) — —87ap¢P(x) and [ex = [[ eS? eadax: : (6.29) 


i=1 i=l 
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We now use the box method on this problem. More precisely, labeling the boxes 
by an index a, we have 


inf Q(F) > cae QalFa), (6.30) 


where Q, is defined by the same formula as Q but with the integrations limited 
to the box a, Fy, is a wave function with particle number nq, and the infimum is 
taken over all distributions of the particles with }> ng = N. 

We now fix some M > 0, that will eventually tend to oo, and restrict 
ourselves to boxes inside a cube Ay of side length M. Since v > 0 the con- 
tribution to (6.30) of boxes outside this cube is easily estimated from below by 
—8r Nasupygay, p?P (x), which, divided by N, is arbitrarily small for M large, 
since Na is fixed and ¢S? /NV/? = ofa “decreases faster than exponentially at 
infinity ((ESeY1], Lemma A.5). 

For the boxes inside the cube Ajy we want to use Lemma 2.5] and there- 
fore we must approximate por by constants in each box. Let pa max and Pa,min; 
respectively, denote the maximal and minimal values of pS? in box a. Define 


Na 


Wg tenia) Pati. < ate) |i] Ot ee), (6.31) 
k=1 
and a 
ME (ees ta) = Pa igen, | a ee. (6.32) 
k=1 
kAi 


We have, for alll <i< 17g, 


[TL 68?) (IWiFal? +25 vl — 5D IFaP) 
k=1 


Jat (6.33) 
> pasmin f (VBP + 49> offs — 2G )IVOP) 
j#i 


We now use LemmaP.5Jto get, for all0 <e <1, 


CID > pamin f (IVP +ad—2\U)IWP) (6.34) 


where ¢; is the distance to the nearest neighbor of x;, c.f., (242), and U the 


potential (2.43). 


Since VU, = o¢P (x, ) 0 we can estimate 


[ViWal? < 2pamaxl Vie |? + 2/0 PNCy (6.35) 
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with 
Cu = = sup [VO%" (x)? = sup |VdFRaG0P. (6.36) 
xcAm x€Am 
Since Na is fixed, Cy is independent of N. Inserting into (E34), summing 
over i and using pS? (x;) < pomax in the last term of (€.28) (in the box a), we 
get 
Qa(Fa) = Poem BU in. L) — 81 apo,maxta — ECMNa, (6.37) 


— Pa,max 


where L is the side length of the box and EY (nq, L) is the ground state energy of 


Na 


So (-geAi + (1 — e)aU (ti) (6.38) 
i=1 
in the box (c.f. (2.48)). We want to minimize (€37) with respect to ng and drop 
the subsidiary condition }>,, mq = N in (630). This can only lower the minimum. 
For the time being we also ignore the last term in (6.37). (The total contribution 
of this term for all boxes is bounded by ¢Cy,N and will be shown to be negligible 
compared to the other terms.) 
Since the lower bound for the energy of Theorem[2.4) was obtained precisely 
from a lower bound to the operator (6.38), we can use the statement and proof of 
Theorem P.4] From this we see that 


2 
ao os eee (6.39) 


with Yy = a?n,/L3, provided Y, is small enough, and that ¢ > V2" and ne > 
(const. Yq ‘/'". The condition on ¢ is certainly fulfilled if we choose e = Y!/17 
with Y = a3 N/L°. We now want to show that the nq minimizing the right side of 


(6.37) is large enough for (6:39) to apply. 
If the minimum of the right side of (6.37) (without the last term) is taken 
for some Ng, we have 


Se (eed 1) Bo in) = Bra dacnass (6.40) 


Pa,max 


On the other hand, we claim that 


Lemma 6.4. For any n 


n 
EY (n+1,L) — EY(n,L) < 8rarzz. (6.41) 
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Proof. Denote the operator (6.38) by H,, with na =n, and let W,, be its ground 
state. Let t/ be the distance to the nearest neighbor of x; among the n + 1 points 
X1,---,;Xn41 (without x;) and t; the corresponding distance excluding x,41. Ob- 
viously, for 1<i<n, 


U(ti) < U(ti) + U (|x: — Xn41]) (6.42) 
and . 
U(tn4i) S S- Uke 344), (6.43) 
i=1 
Therefore J 
Fina < Hy — deAn41 +205 U (|x; — Xn4). (6.44) 
i=1 


Using W,,/L°/? as trial function for H+ we arrive at (41). 


Eq. together with (6.40) shows that nq is at least ~ pomaxL>. We 
shall choose L ~ N~'/1°, so the conditions needed for are fulfilled for N 
large enough, since po,max ~ N and hence fig ~ N7/!° and Yy ~ N~?. 

In order to obtain a lower bound on Qa we therefore have to minimize 


tra ( Losin Ma (1 = ovr) = DigPacax | (6.45) 
Pa,max 3 : 

We can drop the requirement that nq has to be an integer. The minimum of (6.45) 
is obtained for 

eee ey 

te = ———_—. 

Pa,min (1 = Cy1/17) 
By Eq. (6.27) this gives the following lower bound, including now the last term in 
(6.37) as well as the contributions from the boxes outside Ajy, 


(6.46) 


Eo(N,a) — ESP (N,a) > 


3 
GP|2 2 3 Po,max 1 
ana f |p | — 4ra S- eer eee (4 ; (1 _ A | (6.47) 


aCcAm 


—~YV7NCy —4naN sup pF? (x). 
x¢Am 


Now p®? is differentiable and strictly positive. Since all the boxes are in the fixed 
cube Aj there are constants C’ < oo, C” > 0, such that 


Pa,max — Pa,min SS NC'L, Pa,min = NC", (6.48) 
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Since L ~ N~!/!0 and Y ~ N7!7/10 we therefore have, for large N, 


3 
Pa,max 1 —1/10 
D3 onin (— cy) < 1+ (const.).N (6.49) 
Also, 
4a Y> Pmind® <4na f (f°? < ESN, a), (6.50) 


aCcAn 


Hence, noting that ES? (N,a) = NES? (1, Na) ~ N since Na is fixed, 


Eq(N, a) _ 
BGP (Na) > 1— (const.)(1 + Cyz)N71/2° — font) \o@Nal?, (6-51) 


where the constants depend on Na. We can now take N — oo and then M — oo. 


Part 3: Lower bound to the QM energy, TF case. In the above proof of the lower 
bound in the GP case we did not attempt to keep track of the dependence of the 
constants on Na. In the TF case Na — co, so one would need to take a closer look 
at this dependence if one wanted to carry the proof directly over to this case. But 
we don’t have to do so, because there is a simpler direct proof. Using the explicit 
form of the TF minimizer, namely 


PR 00) = le - VOO]s, (6.52) 


where [t]; = max{t,0} and p™ is chosen so that the normalization condition 
f Pxa = N holds, we can use 


V(x) > pTF — 8nap™* (x) (6.53) 


to get a replacement as in (6.29), but without changing the measure. Moreover, 
p'¥ has compact support, so, applying again the box method described above, the 
boxes far out do not contribute to the energy. However, ju™ (which depends only 
on the combination Na) tends to infinity as Na — oo. We need to control the 
asymptotic behavior of y™, and this leads to the restrictions on V described in 
the paragraph preceding Theorem [6.3] For simplicity, we shall here only consider 
the case when V itself is homogeneous, i.e., V(Ax) = A*°V (x) for all \ > 0 with 
some s > 0. 
In the same way as in (6.6) we have, with g = Na, 


pT (g) = dB™" (N,a)/dN = B™ (1,9) +4mg / pTE(x)Pdx. (6.54) 
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The TF energy, chemical potential and minimizer satisfy the scaling relations 


ETF (1,9) = g*/@+3) RTF (1, 1), (6.55) 
pF (g) = gf +8) TF (1), (6.56) 

and 
gr grt gx )= Pit (x). (6.57) 


We also introduce the scaled interaction potential, 0, by 
(x) = g7! +3) y(gt/(5+3) x) (6.58) 


with scattering length 
G@ = gi VS+3q, (6.59) 


Using (6.53), and the scaling relations we obtain 


Eo(N,a) > E™*(N,a) + 4nNg/(6+®) / ia +9 7/M9Q (6.60) 
with 
ae oy (\Viv|? + 55° Hl x; — xj)|W|? — 8 Napt} (xi) |W?) . (6.61) 


j#Fi 


We can now proceed exactly as in Part 2 to arrive at the analogy of Eq. (47%, 
which in the present case becomes 


Eo(N, a) — E™®(N,a) > 


a 6.62 
NGO [IPP —AnNTT matory, 


Here pa,max is the maximum of Pit in the box a, and = a@N/L°. This holds 
as long as L does not decrease too fast with N. In particular, if L is simply fixed, 
this holds for all large enough N. Note that 


P=Nirrg~ Ng VOM Ay, (6.63) 


so that a°N ~ a®p goes to zero as N — oo by assumption. Hence, if we first let 
N — © (which implies Y — 0) and then take L to zero, we arrive at the desired 
result 


Eo(N, a) 
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in the limit N — oo, a®f — 0. Here we used the fact that (because V, and 
hence p™, is continuous by assumption) the Riemann sum )>, p2, max? converges 
to f\pti|? as L — 0. Together with the upper bound (6.25) and the fact that 
ES? (N,a)/ET(N,a) = ESP (1, Na)/E™(1, Na) > 1 as Na = oo, which holds 
under our regularity assumption on V (c.f. Lemma 2.3 in |LSeY2)), this proves 


and (6.20). 


Part 4: Convergence of the densities. The convergence of the energies implies the 
convergence of the densities in the usual way by variation of the external potential. 
We consider the TF case here; the GP case is analogous. Set again g = Na. Making 
the replacement 


V(x) — V(x) + 599/849) Z(g-1/(5+3) x) (6.65) 


for some positive Z € Cg? and redoing the upper and lower bounds we see that 
(6.20) holds with W replaced by W +6Z. Differentiating with respect to 6 at 6 = 0 


yields 
we ad QM/_1/(s+3) ~TF 
jim 2 pM (gil) = BPE (x) (6.66) 


N- oo 


in the sense of distributions. Since the functions all have L!-norm 1, we can con- 


clude that there is even weak L+-convergence. 


6.2 Two Dimensions 


In contrast to the three-dimensional case the energy per particle for a dilute gas in 
two dimensions is nonlinear in p. In view of Schick’s formula (B-I) for the energy of 
the homogeneous gas it would appear natural to take the interaction into account 
in two dimensional GP theory by a term 


dn [. | In(|()|?a7)|-"]6(x) Fax, (6.67) 


and such a term has, indeed, been suggested in [Sh] and [KNSQ]. However, since 
the nonlinearity appears only in a logarithm, this term is unnecessarily complicated 
as far as leading order computations are concerned. For dilute gases it turns out 
to be sufficient, to leading order, to use an interaction term of the same form as 
in the three-dimensional case, i.e, define the GP functional as (for simplicity we 
put “4 = 1 in this section) 


ESP Ig] = iL (Vol? + VIal? + 4rald|*) dx, (6.68) 
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where, instead of a, the coupling constant is now 
a = |In(pna?)|~* (6.69) 


with py the mean density for the GP functional at coupling constant 1 and particle 
number N. This is defined analogously to (6.12) as 


= 1 
pw =x | lo Max (6.70) 


where $j"; is the minimizer of (6-68) with a = 1 and subsidiary condition { |¢|? = 
N. Note that a in (6.69) depends on N through the mean density. 

Let us denote the GP energy for a given N and coupling constant a by 
ES? (N,qa) and the corresponding minimizer by DR As in three dimensions the 
scaling relations 

ES? (N,a) = NES? (1, Na) (6.71) 


and 
Nga = OE Na (6.72) 


hold, and the relevant parameter is 
g = Na. (6.73) 


In three dimensions, where a = a, it is natural to consider the limit N — oo 
with g = Na= const. The analogue of Theorem[G_JJin two dimensions is 


Theorem 6.5 (Two-dimensional GP limit theorem). If, for N — 00, a”py — 0 
with g = N/||In(a?pn)| fixed, then 


. Eo(N, a) 
fey a ee 6.74 
N-so0 BCP (N, 1/|In(a2pn)) ce 
and 1 
. QM.) _ | GP .y|? 
lim, eRe) = [oF 6) ie) 


in the weak L'-sense. 


This result, however, is of rather limited use in practice. The reason is that 
in two dimensions the scattering length has to decrease exponentially with N if g 
is fixed. The parameter g is typically very large in two dimensions so it is more 
appropriate to consider the limit N — oo and g — oo (but still ~ya? — 0). 

For potentials V that are homogeneous functions of x, i.e., 


V(Ax) = \°V(x) (6.76) 
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for some s > 0, this limit can be described by the a ‘Thomas-Fermi’ energy 
functional like with coupling constant unity: 


oil | (V (x)p(x) + 4mp(x)”) dx. (6.77) 
R2 


This is just the GP functional without the gradient term and a = 1. Here pis a 
nonnegative function on R? and the normalization condition is 


J eesax ie (6.78) 
The minimizer of (77) can be given explicitly. It is 
pia (x) = (82) [eh — VCx)]+ (6.79) 


where the chemical potential 1 is determined by the normalization condition 
(G78) and [t], = t for t > 0 and zero otherwise. We denote the corresponding 
energy by EF (1,1). By scaling one obtains 


im gg es), (6.80) 
gro 
Jim 9 prin (gx) = pir); (6.81) 


with the latter limit in the strong L? sense. 

Our main result about two-dimensional Bose gases in external potentials 
satisfying (6.76) is that analogous limits also hold for the many-particle quantum 
mechanical ground state at low densities: 


Theorem 6.6 (Two-dimensional TF limit theorem). Jn 2D, if a?fn — 0, but g = 
N/\\n(pna?)| > co as N = 00, then 


. Eo(N,a) — arr 
in ye E°* (1,1) (6.82) 
and, in the weak L' sense, 
2/(s+2) 
, g 3 
slim Prag ?*)x) = prix). (6.83) 


Remarks: 1. As in Theorem [6.3] it is sufficient that V is asymptotically equal to 
some homogeneous potential, W. In this case, E'" (1,1) and pj} in Theorem[6.G 
should be replaced by the corresponding quantities for W. 
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2. From Eq. (6.81) it follows that 
pn ~ N8/(s+2) (6.84) 
for large N. Hence the low density criterion a2 < 1, means that a/Lose < 
N7s/2(s+2) . 
We shall now comment briefly on the proofs of Theorems[6.5Jand[6.6] mainly 
pointing out the differences from the 3D case considered previously. 
The upper bounds for the energy are obtained exactly in a same way as in 


three dimensions. For the lower bound in Theorem[§.5] the point to notice is that 
the expression (6.45), that has to be minimized over nq, is in 2D replaced by 


2 
Pa,min a 1 C 2NalPa max 
di) ee | 6.85 

. (a= L? | In(a?no/L*)| ( TaN) |In(a*pn)| J’ (6.85) 


since Eq. (6.39) has to be replaced by the analogous inequality for 2D (c.f. (B:37)). 
To minimize (6.85) we use the following lemma: 


Lemma 6.7. For0<2,b<1andk>1 we have 


x? b b? 1 
a ee, ee | ee 
ling] |b) — mo] (1+ oem) HD) 


Proof. Replacing x by xk and using the monotonicity of In we see that it suffices 
to consider k = 1. Since Inz > -pzae4 for all d > 0 we have 


2 /Inb i} 2 
wUnbl ot 5 nl ata 28S eay(bed|Ind)) V9 (6.87 
\Inal b~ & b 
with 
1 1 1 
a) a, a ems me, 
o(d) =2 op a} >-1- 5a’. (6.88) 


Choosing d = 1/|1nb| gives the desired result. 


Applying this lemma with x = a?nq/L?, b = a? pa,max and 


k= Pa,max = C = | In(a?pa,max)| 
Po,min | In(a2.N/L?)|1/5 | In(a?pn)| 


we get the bound 


(6.89) 


p2 L? 1 
>_4 a,max 1 k. : 
G30) 2 40 an) ( 1G ee) oy) 
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In the limit considered, k and the factor in parenthesis both tend to 1 and the 
Riemann sum over the boxes a converges to the integral as L — 0. 

The TF case, Thm. [6@ is treated in the same way as in three dimensions, 
with modifications analogous to those just discussed when passing from 3D to 2D 
in GP theory. 
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Chapter 7 


Bose-Einstein Condensation and 
Superfluidity for Dilute 
Trapped Gases 


It was shown in the previous chapter that, for each fixed Na, the minimization 
of the GP functional correctly reproduces the large N asymptotics of the ground 
state energy and density of H — but no assertion about BEC in this limit was made. 
We will now extend this result by showing that in the Gross-Pitaevskii limit there 
is indeed 100% Bose condensation in the ground state. This is a generalization of 
the homogeneous case considered in Theorem_JJand although it is not the same 
as BEC in the thermodynamic limit it is quite relevant for the actual experiments 
with Bose gases in traps. In the following, we concentrate on the 3D case, but 
analogous considerations apply also to the 2D case. We also discuss briefly some 
extensions of Theorem [5,3] pertaining to superfluidity in trapped gases. 

As in the last chapter we choose to keep the length scale Lose of the confining 
potential fixed and thus write Na instead of Na/Losc. Consequently the powers 
of N appearing in the proofs are different from those in the proof Theorem [I] 
where we kept Na/L and N/L? fixed. 

For later use, we define the projector 


PGP = |d°P)(b°? | . (7.1) 
Here (and everywhere else in this chapter) we denote ¢°P = $f, for simplicity, 


where @%,, is the minimizer of the GP functional (6.2) with parameter Na and 
normalization condition [ |¢|? = 1 (compare with (6.8)). Moreover, we set p = 1. 
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In the following, Vo denotes the (nonnegative and normalized) ground state 
of the Hamiltonian (6.1). BEC refers to the reduced one-particle density matrix 
7(x, x’) of Wo, defined in (GI). The precise definition of BEC is that for some 
c > 0 this integral operator has for all large N an eigenfunction with eigenvalue 
>cN. 

Complete (or 100%) BEC is defined to be the property that +7(x,x’) not 
only has an eigenvalue of order one, as in the general case of an incomplete BEC, 
but in the limit it has only one nonzero eigenvalue (namely 1). Thus, +7(x, x’) 


* as N — oo, in which case y is called the 


becomes a simple product y(x)y(x’) 

condensate wave function. In the GP limit, i.e., N — oo with Na fixed, we can 

show that this is the case, and the condensate wave function is, in fact, the GP 

minimizer ¢°P. 

Theorem 7.1 (Bose-Einstein condensation in a trap). For each fixed Na 
1 

Him (x,x') = 69" x)? (x) . 


N-oco 
in trace norm, t.e., tr lay — por) — 0. 


We remark that Theorem [7] implies that there is also 100% condensation 
for all n-particle reduced density matrices 


n Catak / 
7' 1 ee oe ee x),) 


? nr 


N 
— a(™) J ¥ocn, at ,Xn)WVo(x1, sad fe ee en ‘ .- Xn )dXn41 ..-dxn 
(7.2) 


of Wo, i.e., they converge, after division by the normalization factor, to the one- 
dimensional projector onto the n-fold tensor product of ¢¢?. In other words, for 
n fixed particles the probability of finding them all in the same state ¢°? tends 
to 1 in the limit considered. To see this, let a*,a denote the boson creation and 
annihilation operators for the state ¢¢?, and observe that 


1> vim N~"(Wo|(a*)"a"|Vo) = Jim N~"(Wo|(a*a)"|Vo) , (7.3) 
since the terms coming from the commutators [a,a*] = 1 are of lower order as 


N — o and vanish in the limit. From convexity it follows that 
N~"(Wo|(a*a)"|Vo) > N-"(Vola* alo)” (7.4) 


which converges to 1 as N — ov, proving our claim. 
Another corollary, important for the interpretation of experiments, concerns 
the momentum distribution of the ground state. 


69 
Corollary 7.2 (Convergence of momentum distribution). Let 
Atte) = ff a(,x')explik- (x — x)]acdx! 
denote the one-particle momentum density of Vg. Then, for fixed Na, 
slim, alk) = 18°F de)? 
strongly in L'(R?). Here, ger denotes the Fourier transform of 9? . 


Proof. If F denotes the (unitary) operator ‘Fourier transform’ and if h is an arbi- 
trary L°°-function, then 


tf ~ TGP |2 
fe fm [irre 


from which we conclude that 


= |tr[F-*(7/N — PS?)Fh]| 


IA 


[[Rlloo tr [Y/N — PS", 


a/N — |oSP Pll, < tr|y/N — PSP]. 


As already stated, Theorem[ZJJis a generalization of Theorem[.1] the latter 
corresponding to the case that V is a box potential. It should be noted, however, 
that we use different scaling conventions in these two theorems: In Theoremf_J]}the 
box size grows as N‘/ to keep the density fixed, while in Theorem [f1] we choose 
to keep the confining external potential fixed. Both conventions are equivalent, of 
course, c.f. the remarks in the second paragraph of Chapter[6] but when comparing 
the exponents of N that appear in the proofs of the two theorems the different 
conventions should be born in mind. 

As in Theorem[5.1] there are two essential components of our proof of Theo- 
rem[Z.1] The first is a proof that the part of the kinetic energy that is associated 
with the interaction v (namely, the second term in (616a)) is mostly located in 
small balls surrounding each particle. More precisely, these balls can be taken to 
have radius roughly N~*/°, which is much smaller than the mean-particle spacing 
N-‘/3, (The exponents differ from those of Lemma[5.2] because of different scaling 
conventions.) This allows us to conclude that the function of x defined for each 
fixed value of X by 


fx(x) = Frey tox X)>0 (7.5) 
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has the property that Vxfx(x) is almost zero outside the small balls centered at 
points of X. 

The complement of the small balls has a large volume but it can be a weird 
set; it need not even be connected. Therefore, the smallness of Vx fx(x) in this 
set does not guarantee that fx(x) is nearly constant (in x), or even that it is 
continuous. We need fx (x) to be nearly constant in order to conclude BEC. What 
saves the day is the knowledge that the total kinetic energy of fx(x) (including 
the balls) is not huge. The result that allows us to combine these two pieces of 
information in order to deduce the almost constancy of fx(x) is the generalized 
Poincaré inequality in Lemmaf4.3] The important point in this lemma is that there 
is no restriction on 2 concerning regularity or connectivity. 

Using the results of Theorem [6.2] partial integration and the GP equation 
(i.e., the variational equation for dS, see Eq. (&5)) we see that 


slim, f [69 GOP [Va fx (2) Parca = Anas | | 6°" O0)"ax (7.6) 


The following Lemma shows that to leading order all the energy in (6) is con- 
centrated in small balls. 


Lemma 7.3 (Localization of the energy in a trap). For fixed X let 
Me = foe RS in pe — > woes) (7.7) 
k>2 
for some 0 < 6 < 2/9. Then 
wim fax dx|¢°P (x)|?|Vxfx(x)|? =0. 
—co Ox 


Remark. In the proof of Theorem [1] we chose 6 to be 4/51, but the following 
proof shows that one can extend the range of 6 beyond this value. 


Proof. We shall show that 
[ex | axi6°? CP IVate00? 
oe 


2 


+ / dX / dxx| 6S (x)]?| fax 20)? | 8 SD v(x — xn) — 84 Val SFP (x) 


k>2 


> —4nNa | |@2P (x) |4dx — o(1) (7.8) 
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as N — oo. We claim that this implies the assertion of the Lemma. To see this, 
note that the left side of (28) can be written as 


wrBo — uo? — fax f axle? (0)? Vahxb0? (7.9) 
OQx 

where we used partial integration and the GP equation (6.5), and also the sym- 
metry of Vo. The convergence of the energy in Theorem[6.JJand the relation (6.6) 
now imply the desired result. 

The proof of (78) is actually just a detailed examination of the lower bounds 
to the energy derived in and and described in Chapters P] and [6] 
We use the same methods as there, just describing the differences from the case 
considered here. 

Writing 

fx(x) = ]] o9? (xn) F(x, X) (7.10) 
k>2 

and using that F' is symmetric in the particle coordinates, we see that (738) is 
equivalent to 


<(F) > —1nNa f lor |= of), (7.11) 


where Qs is the quadratic form 


N N 
a = | IVF? T] 16S? (xe) 2a 
ja YG k=1 
N 
+» / v(x: — xP TT] 16S? (xn) 2c, 
1<i<j<N k=1 


N N 
sna) f \e°?a)PFP TI |oFP (xp)|?dx~. (7.12) 
i=1 k=1 


Here 2¢ denotes the set 


OF = {(x1,X) € R*| min |x¢ —x;| < N71/3-8) 


au 


While (ZI) is not true for all conceivable F’s satisfying the normalization 


condition 


N 
/ F(x, X)? TT] 16°? (xe) Pda = 1, 


k=1 
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it is true for an F’, such as ours, that has bounded kinetic energy (2.6). Looking 


at Chapter [6] we see that Eqs. (627)-(6.28), (€47)—(G-5]) are similar to (ZU), 


(12) and almost establish (211), but there are differences which we now explain. 

In our case, the kinetic energy of particle 7 is restricted to the subset of 
R°Y in which ming; |x; — xz| < N~!/3-°. However, looking at the proof of the 
lower bound to the ground state energy of a homogeneous Bose gas discussed 
in Chapter B] which enters the proof of Theorem [6.1] we see that if we choose 
6 < 4/51 only this part of the kinetic energy is needed for the lower bound, except 
for some part with a relative magnitude of the order ¢ = O(N~?°) with a = 1/17. 
(Here we use the a priori knowledge that the kinetic energy is bounded by (Z6).) 
We can even do better and choose some 4/51 < 6 < 2/9, if a is chosen small 
enough. (To be precise, we choose 3 = 1/3 + a and y = 1/3 — 4a in the notation 
of (2.69), and a small enough). The choice of a only affects the magnitude of the 


error term, however, which is still o(1) as N — oo. 


Proof of Theorem[Z1} For some R > 0 let K = {x € R°, |x| < R}, and define 
(ache = ara || 16° OOP fel ax 
Sic PSP (&)[P dx Sic 
We shall use Lemma [3] with d = 3, h(x) = |69P(x)|?/ f |OFP 7, Q=OxNK 


and f(x) = fx(x)—(fx)x (see (Z7) and (Z5)). Since ¢°P is bounded on K above 
and below by some positive constants, this Lemma also holds (with a different 


constant C’) with dx replaced by |¢¢P (x)|?dx in (£4). Therefore, 
[ax | dxio% GOP [fxd — (fade? 
K 
/ dX GP 2 z 2d 
acy | i |4SP (0)? Vac fx (x) Px 


+ 


—26 
“pr flO oP Vchacl) Pax], (7-3) 


where we used that |OY 1 K| < (47/3)N~**. The first integral on the right side 
of (713) tends to zero as N — oo by Lemma [Z3] and the second is bounded by 
(26). We conclude, since 


J le? COP tea < 16°? (feo 
Kk R38 
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because of the positivity of fx, that 


limint — (6? [nfoo") =f [oP GoPax tim fax f dx\or x)? 
N—-oo N K N—-oo K 


- |f io coe] 


where the last equality follows from (G15). Since the radius of K was arbitrary, 
we conclude that 


_ 1) GP), 1 GP 
dim, (OP lo) = 1, 
implying convergence of y/N to PS? in Hilbert-Schmidt norm. Since the traces are 
equal, convergence even holds in trace norm (cf. [Sil], Thm. 2.20), and Theorem[Z1] 


is proved. 


We remark that the method presented here also works in the case of a two- 
dimensional Bose gas. The relevant parameter to be kept fixed in the GP limit is 
N/||n(a?pn)|, all other considerations carry over without essential change, using 
the results in [LSeY2] [LY2], c.f. ChapterBJ]and Section[62] It should be noted that 
the existence of BEC in the ground state in 2D is not in conflict with its absence 
at positive temperatures [Ho] [MW] [MJ]. In the hard core lattice gas at half filling 
precisely this phenomenon occurs : 


Finally, we remark on generalizations of Theorem [§.3]on superfluidity from 
a torus to some physically more realistic settings [LSeY5]. As an example, let C 
be a finite cylinder based on an annulus centered at the origin. Given a bounded, 
real function a(r,z) let A be the vector field (in polar coordinates) A(r,0,z) = 
pa(r, z)é€9, where 9 is the unit vector in the @ direction. We also allow for a 
bounded external potential V(r, z) that does not depend on 06. 

Using the methods of Appendix A in [LSeYJ], it is not difficult to see that 
there exists a ~o > 0, depending only on C and a(r, z), such that for all |y| < yo 
there is a unique minimizer ¢°P of the Gross-Pitaevskii functional 


E°? (6) = | ((0 + ide) o@0)/? + VONOG)I? + AmuNalo(x)[")dx (7.14) 
Cc 


under the normalization condition f |¢|? = 1. This minimizer does not depend on 
0, and can be chosen to be positive, for the following reason: The relevant term 


in the kinetic energy is T = —r~?[0/00 + ipra(r, z)|?. If |yra(r,z)| < 1/2, it 


2 


is easy to see that T > y?a(r, z)”, in which case, without raising the energy, we 
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can replace ¢ by the square root of the 6-average of |¢|?. This can only lower the 
kinetic energy and, by convexity of x — x”, this also lowers the ¢* term. 

We denote the ground state energy of EGP by EGP, depending on Na and 
y. The following Theorem[Z.4] concerns the ground state energy Eo of 


N 
A 7 2 
H =o [- (Vi Fide)? +VOq)] + YD vl), (7.15) 
j=l 1<i<j<Nn 
with Neumann boundary conditions on C, and the one-particle reduced density 
matrix yy of the ground state, respectively. Different boundary conditions can be 
treated in the same manner, if they are also used in (214). 


Remark. As a special case, consider a uniformly rotating system. In this case 
A(x) = yré, where 2 is the angular velocity. Hf is the Hamiltonian in the 
rotating frame, but with external potential V(x) + A(x)? (see e.g. p. 131)). 


Theorem 7.4 (Superfluidity in a cylinder). For |y| < yo 


Eo(N. 
lim o(N, a, y) 


— BGP 
vim N = E (Na, ¢) (7.16) 


in the limit N — co with Na fixed. In the same limit, 


lim 5 aw Oe,x!) = 6F (0) 6%) (7.17) 


N-oco 


in trace class norm, i.e., limy—ovo tr [ lyw/N — |6SP)(aP? | |] = 0. 


Remark. In the special case of the curl-free vector potential A(r,0) = yr~ és, ie., 
a(r,z) =r—', one can say more about the role of yo. In this case, there is a unique 
GP minimizer for all yp ¢ Z+ 3, whereas there are two minimizers for y € Z+ 4. 
Part two of Theorem[Z4]holds in this special case for all y ¢ Z+ 4, and (ZI) is 
true even for all y. 


In the case of a uniformly rotating system, where 2y is the angular velocity, 
the condition |y| < yo in particular means that the angular velocity is smaller 
than the critical velocity for creating vortices [FS]. For rapidly rotating 
gases, the appearance of these vortices cause spontaneous breaking of the axial 
symmetry. The GP minimizer is then no longer unique, and Theorem [7-4] does 
not apply to this case. It is, however, possible to show that the GP equation still 
correctly describes the ground state of a dilute Bose gas in the rapidly rotating 
case, as was recently shown in [LSe2], using very different techniques than in the 
proof of Theorem [7.4] 


Chapter 8 


One-Dimensional Behavior of 
Dilute Bose Gases in Traps 


Recently it has become possible to do experiments in highly elongated traps 
on ultra-cold Bose gases that are effectively one-dimensional [Gol 
. These experiments show peculiar features predicted by a model of a one- 
dimensional Bose gas with repulsive 6-function pair interaction, analyzed long ago 
by Lieb and Liniger [LU] (Lij.‘ These include quasi-fermionic behavior [Gi2], the 
absence of Bose-Einstein condensation (BEC) in a dilute limit [GWT], 
and an excitation spectrum different from that predicted by Bogoliubov’s theory 
{L) [JK] [KP]. The theoretical work on the dimensional cross-over for the ground 
state in elongated traps has so far been based either on variational calculations, 
starting from a 3D delta-potential [GW], or on numerical Quantum 
Monte Carlo studies [BI] [AG] with more realistic, genuine 3D potentials, but par- 
ticle numbers limited to the order of 100. This work is important and has led to 
valuable insights, in particular about different parameter regions [PSW] [DLO], 
but a more thorough theoretical understanding is clearly desirable since this is 
not a simple problem. In fact, it is evident that for a potential with a hard core 
the true 3D wave functions do not approximately factorize in the longitudinal and 
transverse variables (otherwise the energy would be infinite) and the effective 1D 
potential can not be obtained by simply integrating out the transverse variables of 
the 3D potential (that would immediately create an impenetrable barrier in 1D). 
It is important to be able to demonstrate rigorously, and therefore unambiguously, 


1This model is discussed in Appendix [B] 
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that the 1D behavior really follows from the fundamental Schrodinger equation. 
It is also important to delineate, as we do here, precisely what can be seen in 
the different parameter regions. The full proofs of our assertions are long and are 
given in |LSeY6). Here we state our main results and outline the basic ideas for 
the proofs. 

We start by describing the setting more precisely. It is convenient to write 
the Hamiltonian in the following way (in units where h = 2m = 1): 


N 


FIN, L,r,a — S- (-A; + Vi (x7) + Vi (z;)) + S- Va(|Xi = x;|) (8.1) 
j=l 1<i<j<N 


with x = (x,y,z) = (x+, z) and with 


v(|x|/a) . (8.2) 


Here, r, L,a are variable scaling parameters while V+, V and v are fixed. 

We shall be concerned with the ground state of this Hamiltonian for large par- 
ticle number N, which is appropriate for the consideration of actual experiments. 
The other parameters of the problem are the scattering length, a, of the two-body 
interaction potential, v, and two lengths, r and L, describing the transverse and 
the longitudinal extension of the trap potential, respectively. 

The interaction potential v is supposed to be nonnegative, of finite range and 
have scattering length 1; the scaled potential vz then has scattering length a. The 
external trap potentials V and V+ confine the motion in the longitudinal (z) and 
the transversal (x1) directions, respectively, and are assumed to be continuous 
and tend to oo as |z| and |x+]| tend to oo. To simplify the discussion we find it 
also convenient to assume that V is homogeneous of some order s > 0, namely 
V(z) = |z|*, but weaker assumptions, e.g. asymptotic homogeneity (cf. Chapter[6p, 
would in fact suffice. The case of a simple box with hard walls is realized by taking 
$s = ©, while the usual harmonic approximation is s = 2. It is understood that the 
lengths associated with the ground states of —d?/dz?+V(z) and -A++V+(x+) 
are both of the order 1 so that LZ and r measure, respectively, the longitudinal 
and the transverse extensions of the trap. We denote the ground state energy of 
(I) by EOM(N, L,r,a) and the ground state particle density by On penal): On 
the average, this 3D density will always be low in the parameter range considered 
here (in the sense that distance between particles is large compared to the 3D 
scattering length). The effective 1D density can be either high or low, however. 
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In parallel with the 3D Hamiltonian we consider the Hamiltonian for n bosons 
in 1D with delta interaction and coupling constant g > 0, i-e., 


n 
Hi =S)-P/d24+g So d(H %). (8.3) 
j=l 1<i<j<n 
We consider this Hamiltonian for the z; in an interval of length @ in the thermo- 
dynamic limit, 2 — co, n > oo with p = n/é fixed. The ground state energy per 
particle in this limit is independent of boundary conditions and can, according to 
(see Appendix |B), be written as 


6” (p) = p?e(9/p) 5 (8.4) 


with a function e(t) determined by a certain integral equation. Its asymptotic form 
is e(t) © $t fort < 1 and e(t) > 7?/3 for t — oo. Thus 


e 


eg? (p) © s9p for g/p<1 (8.5) 
and 
en? (p) © (n?/3)p" for g/p>1. (8.6) 


This latter energy is the same as for non-interacting fermions in 1D, which can be 
understood from the fact that (8:3) with g = co is equivalent to a Hamiltonian 
describing free fermions. 

Taking pej?(p) as a local energy density for an inhomogeneous 1D system 
we can form the energy functional 


Ele = [vor + Vi(z)p(z) + p(z)*e(g/p(z))) de - (8.7) 


Its ground state energy is obtained by minimizing over all normalized densities, 


Leé., 
co 


E)(N,L,g) =int {e(0 : plz) > 0, f p(z)dz = x}. (8.8) 


—oo 
Using convexity of the map p+ p%e(g/p), it is standard to show that there exists 
a unique minimizer of (8%) (see, e.g., [LSeY1]). It will be denoted by py,r,g. We 
also define the mean 1D density of this minimizer to be 


P= af nsgl2))? de (8.9) 


In a rigid box, i.e., for s = 00, pis simply N/L (except for boundary corrections), 
but in more general traps it depends also on g besides N and L. The order of 
magnitude of p in the various parameter regions will be described below. 


78 Chapter 8. One-Dimensional Behavior of Dilute Bose Gases in Traps 


Our main result relates the 3D ground state energy of (8-1) to the 1D density 
functional energy E!?(N,L,g) in the large N limit with g ~ a/r? provided r/L 
and a/r are sufficiently small. To state this precisely, let e+ and b(x+), respectively, 
denote the ground state energy and the normalized ground state wave function of 
—A++V+(x+). The corresponding quantities for -A+ + V,1(x+) are e+/r? and 
b,(x+) = (1/r)b(x+/r). In the case that the trap is a cylinder with hard walls b 
is a Bessel function; for a quadratic V+ it is a Gaussian. 


Define g by 
ae [be ax: 2 Bra f [bp(act)|Mdx, (8.10) 
Tr 


Our main result of this chapter is: 


Theorem 8.1 (From 3D to 1D). Let N — co and simultaneously r/L — 0 and 
a/r — 0 in such a way that r2p-min{p,g} — 0. Then 


E®M(N, L,r,a) — Net/r? 


: 
=~ E™(N, L,9) 


el Be (8.11) 
An analogous result hold for the ground state density. Define the 1D QM 
density by averaging over the transverse variables, i.e., 


PM nal) = f PRM nalts zee. (8.12) 


Let L := N/p denote the extension of the system in z-direction, and define the 
rescaled density p by 


oP. g(#) = 5Ble/D) . (8.13) 


Note that, although p depends on N, L and g, |/pl|1 = ||pll2 = 1, which shows 
in particular that L is the relevant scale in z-direction. The result for the ground 
state density is: 


Theorem 8.2 (1D limit for density). In the same limit as considered in Theo- 


rem|8.1) 
tim (08%, a(2E) ~ le) =0 (8.14) 


in weak L! sense. 


Note that because of and the condition r7f- min{f,g} — 0 is the 
same as 
eo? (p) X 1/r? , (8.15) 
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i.e., the average energy per particle associated with the longitudinal motion should 
be much smaller than the energy gap between the ground and first excited state 
of the confining Hamiltonian in the transverse directions. Thus, the basic physics 
is highly quantum-mechanical and has no classical counterpart. The system can 
be described by a 1D functional (87), even though the transverse trap dimension 
is much larger than the range of the atomic forces. 


8.1 Discussion of the Results 


We will now give a discussion of the various parameter regions that are included 
in the limit considered in Theorems [8.1] and B.2] above. We begin by describing 
the division of the space of parameters into two basic regions. This decomposition 
will eventually be refined into five regions, but for the moment let us concentrate 
on the basic dichotomy. 

In Chapter [6] we proved that the 3D Gross-Pitaevskii formula for the energy 
is correct to leading order in situations in which N is large but a is small compared 
to the mean particle distance. This energy has two parts: The energy necessary 
to confine the particles in the trap, plus the internal energy of interaction, which 
is N4rap??. This formula was proved to be correct for a fixed confining potential 
in the limit N — 00 with a°p°P — 0. However, this limit does not hold uniformly 
if r/L gets small as N gets large. In other words, new physics can come into play 
as r/L — 0 and it turns out that this depends on the ratio of a/r? to the 1D 
density, or, in other words, on g/f. There are two basic regimes to consider in 


highly elongated traps, i.e., when r < DL. They are 
e The 1D limit of the 3D Gross-Pitaevskii regime 
e The ‘true’ 1D regime. 


The former is characterized by g/p < 1, while in the latter regime g/p is of 
the order one or even tends to infinity. (If g/f — oo the particles are effectively 
impenetrable; this is usually referred to as the Girardeau-Tonks region.) These two 
situations correspond to high 1D density (weak interaction) and low 1D density 
(strong interaction), respectively. Physically, the main difference is that in the 
strong interaction regime the motion of the particles in the longitudinal direction 
is highly correlated, while in the weak interaction regime it is not. Mathematically, 
this distinction also shows up in our proofs. The first region is correctly described 
by both the 3D and 1D theories because the two give the same predictions there. 
That’s why we call the second region the ‘true’ 1D regime. 
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In both regions the internal energy of the gas is small compared to the energy 
of confinement. However, this in itself does not imply a specifically 1D behavior. 
(If a is sufficiently small it is satisfied in a trap of any shape.) 1D behavior, when 
it occurs, manifests itself by the fact that the transverse motion of the atoms is 
uncorrelated while the longitudinal motion is correlated (very roughly speaking) 
in the same way as pearls on a necklace. Thus, the true criterion for 1D behavior 
is that g/p is of order unity or larger and not merely the condition that the energy 
of confinement dominates the internal energy. 

We shall now briefly describe the finer division of these two regimes into five 
regions altogether. Three of them (Regions 1-3) belong to the weak interaction 
regime and two (Regions 4-5) to the strong interaction regime. They are charac- 
terized by the behavior of g/f as N — oo. In each of these regions the general 
functional (8.7) can be replaced by a different, simpler functional, and the en- 
ergy E!D(N,L,g) in Theorem[8.1] by the ground state energy of that functional. 
Analogously, the density in Theorem[8.2]can be replaced by the minimizer of the 
functional corresponding to the region considered. 

The five regions are 


e Region 1, the Ideal Gas case: In the trivial case where the interaction is so weak 
that it effectively vanishes in the large N limit and everything collapses to the 
ground state of —d?/dz? + V(z) with ground state energy e'!, the energy E!? in 
(Sid) can be replaced by Ne! /L?. This is the case if g/j < N~?, and the mean 
density is just p ~ N/L. Note that g/p < N~? means that the 3D interaction 
energy per particle ~ ap®? < 1/L?. 


e Region 2, the 1D GP case: In this region g/p ~ N~?, with p ~ N/L. This case 
is described by a 1D Gross-Pitaevskii energy functional of the form 


Erp [ol = i (IV Va(z))? + Vi (z)p(2) + g9p(z)”) dz , (8.16) 


corresponding to the high density approximation of the interaction energy 
in (8.7%). Its ground state energy, EG?, fulfills the scaling relation EGP (N, L,g) = 


NL~?EGP (1,1, NgL). 


e Region 3, the 1D TF case: N~? < g/p « 1, with fp being of the order p ~ 
(N/L)(NgL)~'/(s+), where s is the degree of homogeneity of the longitudinal 
confining potential V. This region is described by a Thomas-Fermi type functional 


EU = f (Val2)ol=) + dople)?) ae (8.17) 
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It is a limiting case of Region 2 in the sense that NgI >> 1, but a/r is sufficiently 
small so that g/p < 1, i-e., the high density approximation in (85) is still valid. 
The explanation of the factor (NgL)'/s+ is as follows: The linear extension L of 
the minimizing density of (16) is for large values of NgL determined by Vz (L) ~ 
g(N/L), which gives L ~ (NgL)'/“*)L. In addition condition requires 
gp < r~*, which means that Na/L(NgL)\/+) < 1. The minimum energy of 
(S17 has the scaling property ES (N, L,g) = NL~?(NgL)*/6*) ETF (1,1, 1). 


e Region 4, the LL case: g/p ~ 1, with p ~ (N/L)N~2/(s+?), described by an 
energy functional 


Mp) =f (Vale)ol2) + ale)%ela/o(2))) de (8.18) 
This region corresponds to the case g/p ~ 1, so that neither the high den- 
sity (85) nor the low density approximation (86) is valid and the full LL en- 
ergy (84) has to be used. The extension L of the system is now determined by 
Vi(L) ~ (N/L)? which leads to L ~ LN?/(s+?), Condition (&15) means in this 
region that Nr/L ~ N*/(s+2)r/L — 0. Since Nr/L ~ (p/g)(a/r), this condition 
is automatically fulfilled if g/f is bounded away from zero and a/r — 0. The 
ground state energy of (18), E'"(N, L,g), is equal to Ny? E™(1,1, 9/7), where 
we introduced the density parameter y := (N/L)N~2/(s+2), 


e Region 5, the GT case: g/f >> 1, with p ~ (N/L)N~2/(*+?), described by a 
functional with energy density ~ p*, corresponding to the Girardeau-Tonks limit 
of the LL energy density. It corresponds to impenetrable particles, i.e, the limiting 
case g/f — oo and hence formula (8.6) for the energy density. As in Region 4, the 
mean density is here p ~ y. The energy functional is 


EST p] = / ” (Vi(2)ple) + (n?/3)o(2)%) de (8.19) 


with minimum energy EST (N, L) = Ny? EST (1,1). 


As already mentioned above, Regions 1-3 can be reached as limiting cases of 
a 3D Gross-Pitaevskii theory. In this sense, the behavior in these regions contains 
remnants of the 3D theory, which also shows up in the fact that BEC prevails in 
Regions 1 and 2 (See for details.) Heuristically, these traces of 3D can 
be understood from the fact that in Regions 1-3 the 1D formula for energy per 
particle, go ~ aN/(r?L), gives the same result as the 3D formula, i.e., scattering 
length times 3D density. This is no longer so in Regions 4 and 5 and different 
methods are required. 
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8.2. The 1D Limit of 3D GP Theory 


Before discussing the many-body problem we treat the much simpler problem of 
taking the r/L — 0 limit of the 3D GP ground state energy EG} (N,L,r,a), 
defined by with the potential V(x) = V.+(x+) + Vi(z). The result is, apart 
from the confining energy, the 1D GP energy with coupling constant g ~ a/r?. 
In particular we see that Regions 4 and 5 cannot be reached as a limit of 3D GP 
theory. 


Theorem 8.3 (1D limit of 3D GP energy). Let g be given by (8:10). If r/L — 0, 


then 
ES? (N, L,r,a) — Nr-2et 


EG? (N, L,g9) 


uniformly in the parameters, as long as pa — 0. 


— 1 (8.20) 


Remark. Since EG? (1, L, Ng)ip ~ L~?+pa/r?, the condition pa — 0 is equivalent 
to r? EG? (1, L, Ng) — 0, which means simply that the 1D GP energy per particle 
is much less than the confining energy, ~ 1/r?. 


Proof. Because of the scaling relation (8.16) and the corresponding relation for 
ES} it suffices to consider the case N = 1 and L = 1. 

We denote the (positive) minimizer of the one-dimensional GP functional 
with N =1, L =1 and g fixed by ¢(z). Taking b,(x+)¢(z) as trial function 
for the 3D functional (62) and using the definition (8-10) of g we obtain without 
further ado the upper bound 


Bee (11,7, 4) < e*/r* + BY (1459) (8.21) 


for all r and a. 


For a lower bound we consider the one-particle Hamiltonian 
Hyg = —At + Ve-(x) — 02 + V(z) + 8rrab,.(x*+)*4(2)? . (8.22) 


Taking the 3D Gross-Pitaevskii minimizer ®(x) for N = 1, L = 1, as trial function 


we get 


IA 


inf spec Hy.a Per 1; 1.70) — tna fo! + 81a [ io? 


IA 


EGS (1,1,r.a) +4na f oho" 


EB (Ana + fot. (8.23) 
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To bound H,., from below we consider first for fixed z € R the Hamiltonian (in 
2D) 


Ay,a,2 = —Av + V,(x*) + 8rad(z)?b,(x7)?. (8.24) 


We regard —A++V,.(x+) as its “free” part and 87a¢(z)?b,.(x+)? as a perturbation. 
Since the perturbation is positive all the eigenvalues of H,.,,, are at least as large 
as those of —A+ + V,(x+); in particular, the first excited eigenvalue is ~ 1/r?. 
The expectation value in the ground state b, of the free part is 


(Hy,a,z) = e+ /1? + gld(z)/?. (8.25) 
Temple’s inequality (2.51) gives 


((Hy,a,z = (Hy,a,z))?) ) (8.26) 


Hra,z = (e*/r? + glo(z)l?) (1 ~ Cpa.) (EL /r? — (Hy.a.z)) 


where é+/r? is the lowest eigenvalue above the ground state energy of —A+ + 
V,(x+). Since 

Hy.a,2br = (e+ /r?)b, + 8rad(z)*b3 (8.27) 
we have (Hya,z — (Hra,z))br = 826(z)?ab3 — gd(z)*b,) and hence, using that 
g = 8ra f b4 = 8r(a/r?) f 0, 


(Higa = (Tne) S OG) i (Sab,.(x+)® — gbp(x*))* dx 


= 42)" f [(8ra)?b.(c4+)® ~ 16ragb, (c*) 
+ g°b,(x*)?] dx* 
< const. ||¢||4,.g < const. ES) (1,1,9)", (8.28) 


where we have used Lemma 2.1 in to bound g]|¢@||2, by const. EG? (1, 1, g). 
We thus see from (8.25) and the assumption r2 EG? (1, 1, g) — 0 that the error term 
in the Temple inequality (8.26) is o(1). 

Now H,.q4 = —02 + V(z) + Hya,z, 80 from (8.26) we conclude that 


Hr = ((e7/r?) — 8 + V(z) + gld(2)|”) (1 — o(1)). (8.29) 


On the other hand, the lowest energy of —0?+V(z)+g|¢(z)|? is just BRP (1,1, g)+ 
(9/2) fe |(z)|*dz. Combining (823) and (8-26) we thus get 


Esp (1,1,7,@) — e*/r? > Egy (1,1, 9)(1 — o(1)). (8.30) 


84 Chapter 8. One-Dimensional Behavior of Dilute Bose Gases in Traps 


8.3 Outline of Proof 


We now outline the main steps in the proof of Theorems BJ] and BY referring 
to for full details. To prove (TI) one has to establish upper and lower 
bounds, with controlled errors, on the QM many-body energy in terms of the 
energies obtained by minimizing the energy functionals appropriate for the vari- 
ous regions. The limit theorem for the densities can be derived from the energy 
estimates in a standard way by variation with respect to the external potential Vz. 

The different parameter regions have to be treated by different methods, a 
watershed lying between Regions 1-3 on the one hand and Regions 4-5 on the 
other. In Regions 1-3, similar methods as in the proof of the 3D Gross-Pitaevskii 
limit theorem discussed in Chapter [6] can be used. This 3D proof needs some 
modifications, however, because there the external potential was fixed and the 
estimates are not uniform in the ratio r/L. We will not go into the details here, but 
mainly focus on Regions 4 and 5, where new methods are needed. It turns out to 
be necessary to localize the particles by dividing the trap into finite ‘boxes’ (finite 
in z-direction), with a controllable particle number in each box. The particles are 
then distributed optimally among the boxes to minimize the energy, in a similar 
way as Eq. (2.65) was derived from Eq. (2.60). 

A core lemma for Regions 4—5 is an estimate of the 3D ground state energy in 
a finite box in terms of the 1D energy of the Hamiltonian (8.3). I-e., we will consider 
the ground state energy of (8.1) with the external potential V;(z) replaced by a 
finite box (in z-direction) with length ¢. Let ESM (n, 41, a) and ESM (n, 4,7, a) 
denote its ground state energy with Dirichlet and Neumann boundary conditions, 
respectively. 


Lemma 8.4. Let EXP(n,¢,g) and EXP(n,l,g) denote the ground state energy of 
(3) on L?((0, 4"), with Dirichlet and Neumann boundary conditions, respectively, 
and let g be given by (8.10). Then there is a finite number C > 0 such that 


net a\ 1/8 nr (a\1/8 
EQ™M(n,6,7,4)—"> > ERP (n, 6,9) (1-cn (*) i+ (5) }) . (8.31) 


Moreover, 


a0 2 e 1/3 
QM ne - na a 
ES” (n,£,7, a) — “ae < ED (n, 4,9) (: +C |(“) (1 + =) , (8.32) 


provided the term in square brackets is less than 1. 
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This Lemma is the key to the proof of Theorems [8.1] and [8.2] The reader 
interested in the details is referred to |LSeY6). Here we only give a sketch of the 
proof of Lemma [8.4] 


Proof of Lemma[8.4] We start with the upper bound (832). Let ~ denote the 
ground state of with Dirichlet boundary conditions, normalized by (q|wW) = 1, 
and let pe ) denote its two-particle density, normalized by [ py (z, 2')dzdz’ = 
1. Let G and F be given by G(x1,...,%n) = W(21,---;2n) T[j_1 br (xj) and by 
F(x1,..-,Xn) = [],<, f(/xi —x;|). Here f is a monotone increasing function, with 
0< f<1land f(t) =1 fort > R for some R > Ro. For t < R we shall choose 
f(t) = fo(t)/fo(R), where fo is the solution to the zero-energy scattering equation 
for vq (23). Note that fo(R) =1—a/R for R> Ro, and f}(t) < t~' min{1, a/t}. 


We use as a trial wave function 
W(x1,..-,Xn) = G(x1,...,Xn)F(x1,---,Xn) - (8.33) 


We first have to estimate the norm of W. Using the fact that F is 1 whenever 
no pair of particles is closer together than a distance R, we obtain 


_ n(n—1)aR 


(ua zed 5 oe ol (8.34) 
To evaluate the expectation value of the ail ae we use 

(U| — Aj |W) = -f Pcae+ | eivirP (8.35) 

and the Schrédinger equation Hg = EXP. This gives 

n 
(WiH|v) = (ER + Set) (DW) — g(W| So 4(zi — 2) |W) 

i<j 

+[o LM FP? + So va(xi—x,)IFI? ] . (8.36) 
i<j 


Now, since 0 < f < 1 and f’ > 0 by assumption, F? < f (|x; —x,|)*, and 


DI, FP <2) f'(xi— xl)? +4 5 f’ (xe — xi) f/ (xe — yl). (8.37) 


t<j kK<i<j 


Consider the first term on the right side of (8:37), together with the last term in 
(8.36). These terms are bounded above by 


n(n =A) f dy(act)*bn(y4 p (z,2") (F(x = yl)? + dua (lx — yl) F(x — yl)?). 
(8.38) 
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Let 


A(z) = / (F'(xl)? + 50a (lxl) F([x1)?) dem (8.39) 
Using Young’s inequality for the integration over the L-variables, we get 
(8.38) Zo iol py (ez, 2'\A(z — 2')dzdz’ . (8.40) 


By similar methods, one can show that the contribution from the last term in 
(8:37) is bounded by 


2 b b 2 , / 
5n(n—1)(n—- gy lel hoe 0 I I. 0D (z, 2 \k(z — 2')dede’ , (8.41) 
where 
= fs (x)ax (8.42) 


Note that both h and k are supported in [—R, R]. 
Now, for any ¢ € H1(R), 


1/4 9\ 3/4 
loG2)P —6(2P| < ale - 21? ( f 16?) (/ (8.43) 


Applying this to py (z, 2’), considered as a function of z only, we get 


[ pa 2"yh(e— 2!)dede! ~ f n(2)de fp (e,2)ae 
R2 i 


3/4 
< 2K f h(a: (o|-4 v) ; (8.44) 


where we used Schwarz’s inequality, the normalization of ey and the symmetry 
of w. The same argument is used for (8-41) with h replaced by k. 

It remains to bound the second term in (8.36). As in the estimate for the 
norm of W, we use again the fact that F' is equal to 1 as long as the particles are 


not within a distance R from each other. We obtain 


(| Doe 2n)w) > MED P(e, 2yae (1 MED EE ois) « @.45 


<j 


We also estimate g$n(n — Lolo (z,z)dz < EL and (| — d?/dz? |W) < EWP /n. 
We have f h(z)dz = 4ra(1—a/R)~', and the terms containing k can be bounded 
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by ||Klloo < 27a(1+In(R/a))/(1—a/r) and f k(z)dz < 27aR(1—a/(2R))/(1—-a/r). 


Putting together all the bounds, and choosing 


ar? 


3 
# ~ n2(1+gé) ’ 


(8.46) 


this proves the desired result. 
We are left with the lower bound (8:31). We write a general wave function 
Was 


WC cen) fie) Ube, (8.47) 
k=1 
which can always be done, since b,. is a strictly positive function. Partial integration 
gives 
(U|H|W) = +h vf fi9sP +8 XS alba LFF TL (xf). 


I,d#4 
(8.48) 


Choose some R > Ro, fix i and x;, 7 # i, and consider the Voronoi cell .; around 
particle j, ie., Q; ={x: |k —x,| < |x — x,| for all k 4 7}. If B; denotes the ball 
of radius R around x;, we can estimate with the aid of Lemma.) 


| bp (xq)? (\Vaf |? + Sva(|xi — x; |) FI?) dx; 
Q;NB 


mince, br(x+)? | ing 2 
2 ee br (xj) U (|i — Xj 8.49 
~ MaXxeB; b.(xt)2" ivan (x7 )°U (xi — x; /)IF (8.49) 


Here U is given in (43). For some 6 > 0 let Bs be the subset of R? where b(x+)? 


2 
aa < 


6, and let yg, denote its characteristic function. Estimating maxxeg, bp(x 
minxeg, b-(x~)? + 2(R/r?)||Vb?||.0, we obtain 


enone? et (1-aFITs) sn 


Denoting &(i) the nearest neighbor to particle 7, we conclude that, for 0 < «<1, 


>| IVif? + 5 >> val (|x: — x;|) Dif? IL (xz) )?dx;, 


J, d#t 


=) J [elves + ©)10:fP xin ec-anten) 
q=1 


+a'U ([xi — xe¢a)l)xBs R/V] T] br Ort)?dxx , (8.51) 
k=1 
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where a’ = a(1 — €)(1 — 2R|| Vb? ||./rd). 
Define F'(z1,...,2n) > 0 by 


[Planes 2n) = f fcr. --s30)/? TP beOat Pact (8.52) 
k=1 


Neglecting the kinetic energy in |-direction in the second term in (8:51) and using 
the Schwarz inequality to bound the longitudinal kinetic energy of f by the one 
of F’, we get the estimate 


a 
ne 
(wytiy) 8S > 
2 | [cl FP + (1 ©)1OFPxming lion (20] II «= 


> 1 [ete + ets: ~ x19 Dx86 xk (MP T] best tx 
k=1 
(8.53) 


where 0; = d/dz;, and V+ denotes the gradient in L-direction. We now investigate 
the last term in (8.93). Consider, for fixed z1,..., 2, the expression 


Df [eh s? + aU (ox: — xx) xes ety NIIP] [] oO Paxt . (8.54) 
w=1 k=1 


To estimate this term from below, we use Temple’s inequality, as in Sect. BQ] 
Let é+ denote the gap above zero in the spectrum of —At+ + V+ — et, ice., the 
lowest non-zero eigenvalue. By scaling, €+/r? is the gap in the spectrum of —A+ + 
V+ — et/r?. Note that under the transformation ¢ + b;'¢ this latter operator 
is unitarily equivalent to Vt* - V+ as an operator on L?(R?,b,(x+)?dx+), as 
considered in (8.54). Hence also this operator has é+ /r? as its energy gap. Denoting 


(U*) =f (oH xi — Xe) |)XB5 ( XE v9) T I (xj) * dx, ’ (8.55) 


Temple’s inequality implies 


U2) 1 
> |FI?a’ 1- (i ; ; 
END > |Fi*a(uy (1-d CW) (8.56) 
Now, using and Schwarz’s inequality, (U2) < 3n(R3 — R3)~'(U), and 
2 
(W) < n(n — 1 Lolld_32R (8.57) 


r2 R38 — R3 — R3 , 
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Therefore 
(G59) > |FPa(V) , (8.58) 
where we put all the error terms into the modified coupling constant a”. It remains 


to derive a lower bound on (U). Let 
ate — 2!) =f by(a+)*6,(y4)PU (x yl)xws yt /n)dxtdy+ (8.59) 
R4 


Note that d(z) = 0 if |z| > R. An estimate similar to (249) gives 
mR? 
(U) = Dade) (1-2) oH) . (8.60) 
tFj 
Note that, for an appropriate choice of R, d is close to a 6-function with the desired 


coefficient. To make the connection with the 6-function, we can use a bit of the 
kinetic energy saved in (8.53) to obtain 


/ Siar? + a” d(z; = 2)IFP| dz; 


List 2 2(n—1) , — 
230 ge! Xire-R(2j) | 1—- | ~~ 9 B - (8.61) 


Putting all the previous estimates together, we arrive at 
net n n 
(U| |W) ~~ pat 2 = [a = €)|O:.F |? Xming ler-eel2R(%)| U dz 
‘= = 


+ 5 s9" 2m glFl Xia eR (z;) | | dz 
iAj oper k, k#i 
(8.62) 


for an appropriate coupling constant g” that contains all the error terms. Now 
assume that (n+ 1)R < @. Given an F with f[ |F|?dz,---dz, = 1, define, for 
O< 24 <2 S++ < ay <l-—(n +R, 


Wa1,---,2n) = F(2it R22 + 2R, 234 3R,...,2n +nR) , (8.63) 


and extend the function to all of [0, —(n+1)R]” by symmetry. A simple calculation 
shows that 


BO) > W|H’\v) > (1—e)ENP(n,€- (n+ 1)R,9")(Yly) 
> (1-e)EN?(n,£,9")(vlW) , (8.64) 
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where H’ is the Hamiltonian (8.3) with a factor (1 —¢) in front of the kinetic 
energy term. 

It remains to estimate (w|)). Using that F' is related to the true ground state 
W by (852), we can estimate it in terms of the total QM energy, namely 


2R net 
WWW) 2 1-F (EeMov.e,n, a) - “-) 
1 1\ 1/2 
~In5 —4AnR (Leg nt a) — <) : (8.65) 


Collecting all the error terms and choosing 


r=r(2)" _—— oy . $= or (8.66) 


r 


(8.64) and (8.65) lead to the desired lower bound. 


As already noted above, Lemma[84]is the key to the proof of Theorems [8.1] 
and|[8.2] The estimates are used in each box, and the particles are distributed opti- 
mally among the boxes. For the global lower bound, superadditivity of the energy 
and convexity of the energy density p*e(g/p) are used, generalizing corresponding 
arguments in Chapter] We refer to for details. 


Chapter 9 


Two-Dimensional Behavior in 
Disc-Shaped Traps 


In this chapter, which is based on [SY], we discuss the dimensional reduction of a 
Bose gas in a trap that confines the particles strongly in one direction so that two- 
dimensional behavior is expected. There are many similarities with the emergence 
of one-dimensional behavior in cigar-shaped traps discussed in the previous chapter 
but also some notable differences. As in the case of cigar-shaped traps, there is 
a basic division of the parameter domain into two regions (this is also noted 
in and [PiSt2]): one where a limit of a three-dimensional Gross-Pitaevskii 
theory applies, and a complementary region described by a “truly” low dimensional 
theory. In the case discussed in Chapter[]the latter is a density functional theory 
based on the exact Lieb-Liniger solution for the energy of a strongly interacting 
(and highly correlated) one-dimensional gas with delta interactions. (Note that in 
1D strong interactions means low density.) In the present case, on the other hand, 
the gas is weakly interacting in all parameter regions. In the region not accessible 
from 3D GP theory the energy formula (8-]) for a dilute two-dimensional Bose 
gas with a logarithmic dependence on the density applies. To enter this region 
extreme dilution is required. The Lieb-Liniger region in the 1D case demands also 
quite dilute systems, but the requirement is even more stringent in 2D. This will 
be explained further below. 


We recall from Chapter B] that the energy per particle of a dilute, homoge- 
neous, two-dimensional Bose gas with density pep and scattering length agp of 
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the interaction potential is (in units such that h = 2m = 1) 
exp & 4m pep|In(p2pa3p)|7*. (9.1) 
The corresponding result in three dimensions is 
€3p © 4m p3p43p (9.2) 


as discussed in Chapter 2] In the following we shall denote the two-dimensional 
density, p2p, simply by p and the three dimensional scattering length, agp, by a. 
The basic message of this chapter is that when the thickness, h, of the trap tends 
to zero then Eq. (9.1) can be used with an effective two-dimensional scattering 
length agp = hexp(—(const.)h/a). A more precise formula is given in Eq. (217) 
below. If |In ph?| < h/a, then | In(pa3p)| © h/a, and the two-dimensional formula 
(9.1) leads to the same result as the three dimensional formula (9.2), because 
p3p ~ p/h. The “true” two dimensional region requires | In ph?| => h/a and hence 
the condition p~!/? > he”/® for the interparticle distance, p~!/?. This should be 
compared with the corresponding condition for the 1D Lieb-Liniger region of the 
previous chapter where the interparticle distance is “only” required to be of the 
order or larger than h?/a. 

The formula agp = hexp(—(const.)h/a) for the scattering length appeared 
first in [PHS]. It can be motivated by considering a weak, bounded potential, 
where perturbation theory can be used to compute the energy in Appendix 
C that is directly related to the scattering length. This perturbative calculation is 
carried out in Section [9.3] as a step in the proof of a lower bound for the many- 
body energy; its relation to the formula for agp is explained in the remark after 
Corollary 9.4] 

We now define the setting and state the results more precisely. We consider 
N identical, spinless bosons in a confining, three-dimensional trap potential and 
with a repulsive, rotationally symmetric pair interaction. We take the direction 
of strong confinement as the z-direction and write the points x € R® as (z,z), 
x € R*, z €R. The Hamiltonian is 


N 
Anh, = > (—A; + Vin (xi)) + S- Uo (|2 — x,]) (9.3) 
i=1 1<i<j<N 
with 
Via. = Vita ye VE) i wav (h 42), (9.4) 
va(lx|) = ea} |x) (9.5) 
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The confining potentials V and V+ are assumed to be locally bounded and tend 
to oo as |a| and |z| tend to oo. The interaction potential v is assumed to be 
nonnegative, of finite range and with scattering length 1; the scaled potential vg 
then has scattering length a. We regard v, V+ and V as fixed and L,h,a as 
scaling parameters. The Hamiltonian (9.3) acts on symmetric wave functions in 
L?(R°% , dx, ---dxyn). Its ground state energy, E2M(N, L, h,a), scales with L as 


1 
EO (N, Lh, a) = ag MN, 1,h/L,a/L). (9.6) 
Taking N — oo but keeping h/LZ and Na/L fixed leads to a three dimensional 


Gross-Pitaevskii description of the ground state as proved in Chapter [6] The cor- 
responding energy functional is (cf. (6.2)) 


Esp [4] = I, {IVox)]? + Va,n(x)OG0)|? + 4a Nald(x)|*}d?x (9.7) 


and the energy per particle is 


Exp (N,L,h,a)/N = inf{E3p [9], f |o)/?d?x = 1 
(1/L7)E$* (1,1, h/L, Na/L). (9.8) 


By the GP limit theorem, Thm. [6-1] we have, for fixed h/L and Na/L, 


lim pon PT) =A, (9.9) 
Noo Ess (N,L,h,a) 
It is important to note, however, that the estimates in Chapter [GJare not uniform 
in the ratio h/L and the question what happens if h/Z — 0 is not addressed in 
Ch. [] It will be shown in the next section that a part of the parameter range 
for thin traps can be treated by considering, at fixed Na/h, the h/L — 0 limit 
of EGS? (1,1,h/L, Na/L) with the ground state energy for the transverse motion, 
~ 1/h?, subtracted. But this limit can evidently never lead to a logarithmic de- 
pendence on the density and it does not give the correct limit formula for the 
energy in the whole parameter range. 
To cover all cases we have to consider a two-dimensional Gross-Pitaevskii 
theory of the type studied in Section [62] i.e., 


EBlA=f {IVo@l?+Vi@le@P +4nValeo"}@2 (9.10) 


with 
g = |In(02p|-?. (9.11) 
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Here f is the mean density, defined by Eq. (6.70). An explicit formula that is valid 
in the case Ng > 1 can be states as follows. Let 
1 
TF/,.) _ ~*~ [,,TF _ 
eR (0) = = [WF -Vi(o)],, (9.12) 
be the "Thomas Fermi’ density for N particles at coupling constant 1 in the po- 
tential V_, where yw} is chosen so that 7 pit = N. Then 


5=N- | pee eae: (9.13) 
R2 


For simplicity we shall assume that V is homogeneous of some degree s > 0, i-e., 
V(Az) = A*V (a), and in this case 


pr Ne (+2) 11? — N/E? with L = NV+) 7, (9.14) 


The length L measures the effective extension of the gas cloud of the N particles 
in the two-dimensional trap. A box potential corresponds to L = L, i.e., s = co 
and hence p ~ N/L?. 

The case Ng = O(1) requires a closer look at the definition of f. First, for 
any value of Ng we can consider the minimizer py}, of (10) with normalization 
IleKpll2 = 1. The corresponding mean density is 


png = Nf |e. (9.15) 


A general definition of amounts to solving the equation p = png with g as in 
(211). This gives the same result as to leading order in g when Ng > 1. In 
the case |In Nh/L| < h/a (referred to as Region I’ below) the coupling constant 
is simply a/h and thus independent of N. Moreover, in a homogeneous potential 
of degree s the effective length scale L is ~ (Ng + 1)!/(S+?)L and thus of order L 
if Ng = O(1). 

The energy per particle corresponding to (9-10) is 


EGE (N,L,9)/N = int{ESP Ip], f lola)2a2x = 1} = (1/1?) ESP (1,1, Ng). 
(9.16) 
Let sp, be the normalized ground state wave function of the one-particle 
Hamiltonian —d?/dz? + V,;+(z). It can be written as sp(z) = h~'/?s(h—!z) and 
the ground state energy as e¢ = h~?e+, where s(z) and e+ are, respectively, the 
ground state wave function and ground state energy of —d?/dz? + V+(z). We 


define the effective two dimensional scattering length by the formula 


aap = hexp (—(f s(z)*dz)~*h/2a) . (9.17) 
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Then, using (11), 
g =|—In(ah?) + (f s(z)4dz)*h/a|*. (9.18) 


The justification of the definition (9.17) is Theorem [9.1] below. 


Remark. Since agp appears only under a logarithm, and a/h — 0, one could, 
at least as far as leading order computations are concerned, equally well define 
the two dimensional scattering length as ap) = b exp (—(f s(z)4dz)~'h/2a) with 
b satisfying ca < b < Ch for some constants c > 0, C < oo. In fact, if g’ = 
|In(B(ayy)?)|-}, then 


Dade 21n(b/h) 


g ina). conta ae 


because (a/h) In(b/h) — 0. 
We can now state the main result of this chapter: 


Theorem 9.1 (From 3D to 2D). Let N — oc and at the same time h/L — 0 and 
a/h — 0 in such a way that h?pg — 0 (with g given by Eq. (18)). Then 


EQM(N,L,h,a) — Nh-2et 


lim 
ES? (N, L, 9) 


=1. (9.20) 
Remarks: 1. The condition h?fg — 0 means that the ground state energy h~2e+ 
associated with the confining potential in the z-direction is much larger than the 
energy pg. This is the condition of strong confinement in the z-direction. In the 
case that h/a > ||In(ph?)| we have g ~ a/h and hence the condition in that region 
is equivalent to 

pah <1. (9.21) 


On the other hand, if h/a < | n(ph?)| the strong confinement condition is equiv- 
alent to h?A|In(h?p)|~! <1, which means simply that 


ph? <1. (9.22) 


Both (27) and (9:23) clearly imply paz, « 1, ie., the gas is dilute in the 2D 
sense (and also in the 3D sense, p3pa? < 1, because p3p = p/h). This is different 
from the situation in cigar-shaped traps considered in Chapter]where the gas can 
be either dilute or dense in the 1D sense, depending on the parameters (although 
it is always dilute in the 3D sense). 
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2. It is, in fact, not necessary to demand h/L — 0 explicitly in Theorem[§-1] The 
reason is as follows. In the region where h/a < |In(ph)|, the strong confinement 
condition ph? < 1 immediately implies h/L < 1 because p > 1/L?, cf. Eq. 
(9.14). If h/a > |In(ph?)|, then at least pah < 1 holds true. This leaves only 
the alternatives h/L — 0, or, if h/L stays bounded away from zero, Na/L — 0. 
But the latter alternative means, by the three dimensional Gross-Pitaevskii limit 
theorem, that the energy converges to the energy of a noninteracting, trapped gas, 
for which (9.20) obviously holds true. 


We shall refer to the parameter region where h/a > |1n(ph?)| as Region I, 
and the one where h/a < | In(ph?)| as Region II. In Region I we can take 


g = (f s(z)4dz)a/h. (9.23) 
In Region II g ~ | n(ph?)|~1, and in the extreme case that h/a < | In(ph?)|, 
g = |In(ph?)|-2. (9.24) 


In particular g is then independent of a (but dependent on f). As remarked ear- 
lier, Region II is only relevant for very dilute gases since it requires interparticle 
distances p—1/? > he”/@, 

By Eq. (9-16) the relevant coupling parameter is Ng rather than g itself, 
and both Region I and Region II can be divided further, according to Ng « 1, 
Ng~1,or Ng > 1. The case Ng < 1 corresponds simply to an ideal gas in the 
external trap potential. Note that this limit can both be reached from Region I by 
taking a/h — 0 at fixed ph”, or from Region II by letting ph? tend more rapidly 


to zero than e7"/@ 


. The case Ng ~ 1 in Region I corresponds to a GP theory 
with coupling parameter ~ Na/h as was already explained, in particular after Eq. 
(9.9). The case Ng > 1 is the ‘Thomas-Fermi’ case where the gradient term in the 
energy functional (9-10) can be ignored. In Region II, the case Ng < 1 requires 
p ‘/? > he™ and is thus only of academic interest, while p~!/? < he (but still 
he"'/* < p—‘/?) corresponds to the TF case. 

The subdivision of the parameter range just described is somewhat different 
from the situation described in Chapter[8] This is due to the different form of the 


energy per particle of the low dimensional gas as function of the density. 


9.1 The 2D Limit of 3D GP Theory 


As in Section [8.2] certain aspects of the dimensional reduction of the many-body 
system can be seen already in the much simpler context of GP theory. In this 
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section we consider the h/L — 0 limit of the 3D GP ground state energy. The 
result is, apart from the confining energy, the 2D GP energy with coupling constant 
g ~ a/h. This shows in particular that Region II, where g ~ |In(ph?)|~+, cannot 
be reached as a limit of 3D GP theory. 


Theorem 9.2 (2D limit of 3D GP energy). Define g = (f s(z)*dz) a/h. Ifh/L — 0, 


then 
ES? (N, L,h,a) — Nh-et 


—1 (9.25) 
ESS (N, L, g) 


uniformly in the parameters, as long as pah — 0. 


Remark. Since ESP (1, L,Ng) ~ L~? + pa/h, the condition jah — 0 is equivalent 
to h? ES? (1, L, Ng) — 0, which means simply that the 2D GP energy per particle 
is much less than the confining energy, ~ 1/h?. 


Proof. The proof is analogous to that of Thm. [8.3}] Because of the scaling relation 
(9.8) it suffices to consider the case N = 1 and L = 1. 
For an upper bound to the 3D GP ground state energy we make the ansatz 


O(x) = par(x)sn(zZ), (9.26) 


where yep is the minimizer of the 2D GP functional with coupling constant g. 
Then 
Esp [@] = e+ /h? + Egy (11,9) (9.27) 


and hence 
ESp (1, 1,h,a) — e*/h? < ESS (1,1,9). (9.28) 


For the lower bound we consider the one-particle Hamiltonian (in 3D) 
Anja = —At+Vin(x) + 8ra|y~ap (x) |?8n(z)?. (9.29) 
Taking the 3D GP minimizer ® as a test state gives 
inf specHna < EGP (1,1,h,a)— Ana f |®(x)|*d3x 
R 


4890 [ Ivar (2)|2sn(2)?|6(x)2d?x 
R3 


IA 


BGP (1,1shea)-+4na | |pce(o)|*sn(z)ax 
R 


-— ES (11h, a) of ang [ lyap(a)|*d?a. (9.30) 
R2 
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To bound H;,_ from below we consider first for fixed x € R? the Hamiltonian (in 
1D) 

hae = —02 + Vj (z) + 82alyap(x)|?5;,(z)?. (9.31) 
We regard —0?2 + V;(z) as its “free” part and 87a|yap(zx)|?s,(z)? as a pertur- 
bation. Since the perturbation is positive all eigenvalues of Hp.a,, are at least as 
large as those of —0? + V;,(z); in particular the first excited eigenvalue is ~ 1/h?. 
The expectation value in the ground state s;7, of the free part is 


(Hn.a2) = e+ /h? + 82g|yvap(z)|?. (9.32) 
Temple’s inequality (2.51) gives 


Hae > (e+/h? + 8rglpap(2)|?) (1 7 eee (9.38) 


where é+/h? is the lowest eigenvalue above the ground state energy of —0?+V;"(z). 
Since 


Ah ajeSh = (e+ /h)sp + 8ralyap(zx)|?s2 (9.34) 


we have (Hp.a.2 — (Hn.a.x))8n = 87|\~ap(zx)|?(asz — gs,) and hence, using g = 


a f si = (a/h) f s*, 


(Hiae - (Hae?) = (8m)?|var(o)l4 / (as),(z)® — gsn(2))° dz 
< (82)*llyerll4.(a/b)? [5° - (fs4)"] 
— oust. Fe (,1,9) (9.35) 


where we have used Lemma 2.1 in to bound the term g||ycp||2, by 
const. HS? (1,1, g). We thus see from (932) and the assumption h? ESP (1, 1,9) > 
0 that the error term in the Temple inequality is o(1). 

Now Aha = —Ax + V(x) + Ana,x, 80 from (9.33) we conclude that 


Ha > ((e+/h?) — Ay + V(x) + 87-g|~Gp(x)|”) (1 — 0(1)). (9.36) 


On the other hand, the lowest energy of —A, + V(x) + 87g|y~cap(x)|? is just 
ESS (1,1, 9) +419 foo |pap(x)|*d?x. Combining (30) and (9.36) we thus get 


Esp (1,1, h, a) — e+ /h? > ESS (1,1, 9)(1 — 0(1)). (9.37) 
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Remark. This theorem holds also for the Gross-Pitaevskii functional for rotating 
gases, i.e., if a rotational term, —(¢, 0+ L¢) is added to the functional. Here 0 
is the angular velocity, assumed to point in the z-direction, and L the angular 
momentum operator. The minimizer yep is in this case complex valued in general 
and may not be unique [Se]. 


9.2 Upper Bound 


We now turn to the many-body problem, i.e., the proof of Theorem J.J] For 
simplicity we shall here only discuss the situation where the system is homogeneous 
in the 2D variables x, i.e., where the confining potential Vz (x) is replaced by a 
large box whose side length L is taken to infinity in a thermodynamic limit. An 
inhomogeneous system in the x directions can be treated by analogous methods 
if one in a first step separates out a factor []; pap(x;i) in the wave function with 
yep the minimizer of the 2D GP functional. (This is the same technique as used 
in Chapter [6]) An alternative method for dealing with inhomogeneities, based on 
an additive splitting of the Hamiltonian, is described in [Seb]. It is applied in 
to the 2D limit of the Hamiltonian P.3] 

As in the problem discussed in ChapterB]the key lemmas are energy bounds 
in boxes with finite particle number. The bounds for the total system are obtained 
by distributing the particles optimally among the boxes. We shall here focus on 
the estimates for the individual boxes, starting with the upper bound. 

Consider the Hamiltonian 


H=S>(-Ai+Ve(%))+ 2 va(lxs — x5) (9.38) 
i=1 1<i<j<n 

in a region A = Ay x R where Ag denotes a box of side length @ in the 2D x 

variables. For the upper bound on the ground state energy of (9.38) we impose 

Dirichlet boundary conditions on the 2D Laplacian. The goal is to prove, for a 

given 2D density p and parameters a and h, that for a suitable choice of @ and 

corresponding particle number n = pl? the energy per particle is bounded above 
by 

4mp| In(pa3p)|~*(1 + 0(1)) (9.39) 


where agp is given by Eq. (917). Moreover, the Dirichlet localization energy per 
particle, ~ 1/€?, should be small compared to (9:39). The relative error, o(1), in 
(9.39) tends to zero with the small parameters a/h and pah (Region I), or a/h 
and ph? (Region II). 
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The choice of variational functions depends on the parameter regions and we 
are first concerned with the Region I, i-e., the case | In(ph?)| > h/a. 
Let fo(r) be the solution of the zero energy scattering equation 


—Afo + dvafo = 0, (9.40) 


normalized so that fo(r) = (1—a/r) for r > Ro with Ro the range of vg. Note 
that Ro = (const.)a by the scaling (25). The function fo satisfies 0 < fo(r) < 1 
and 0 < f$(r) < min{1/r,a/r?}. For R > Ro we define f(r) = fo(r)/(1 — a/R) 
for0O<r< R, and f(r) =1 for r > R. Define a two-dimensional potential by 


_ Alsi 


W(x) = 


i. [F’ (xl)? + gra(lxl) F([x1)?] dz. (9.41) 


Clearly, W(x) > 0, and W is rotationally symmetric with W(x) = 0 for |a| > R. 
Moreover, by partial integration, using (9-40), it follows that W € L'(R?) with 


W (a)dx 


_ 8ralls||4 = 
= a —a/R)*. (9.42) 


R2 
Define, for b > R, 
In(R/azgp)/In(b/azp) if O<r<R 
g(r) = 4 In(r/azp)/In(b/azp) if R<r<b (9.43) 
1 if b<r 
As test function for the three dimensional Hamiltonian (9.38) we shall take 
W(x1,...,Xn) = F(x1,...,Xn)G(K1,---, Xn) (9.44) 


with 


n 

F(x1,...,%n) =][ f(xi—x,|) and G(xu,...,%n) = ]] e(ei—2;l) [] 51 (z). 

i<j i<j k=1 

(9.45) 

The parameters R, b and also @ will eventually be chosen so that the errors com- 
pared to the expected leading term in the energy are small. 

As it stands, the function (9.44) does not satisfy Dirichlet boundary condi- 

tions but this can be taken care of by multiplying the function with additional 

factors at energy cost ~ 1/¢? per particle, that will turn out to be small compared 


to the energy of (9.44). 
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Since f (|x; — x;|)p(|%i — v;|) = 1 for |x; — x,;| > b and sp, is normalized, the 
norm of W can be estimated as (cf. the analogous Eq. (8.34)) 


mn(n — 1) b? 


> 2n _ 
(Uv) > ee" 11 5 p 


(9.46) 


Next we consider the expectation value of H with the wave function V. By 
partial integration we have, for every 7, 


fimear 
= f @ivjFP - | Paaja= [ civiFP - | Paae- | Paale 


= [ @ivsFP - [rcec+ [ riviep +2 f racy!) (va) (9.47) 


where A! and Vi are, respectively, the two dimensional Laplace operator and 
gradient. The term — { F?G ?,G together with f V;" FG? gives the confinement 
energy, (e+ /A?)|| WI 

Next we consider the first and the third term in (9.47). Since 0 < f < 1, 
f' > 0 and s, is normalized, we have 


Df rivier + fivjere sy f vier +2¥ son — i)? 
j j j i<j 


La S- / f' (ee — x) F (le — 2G) 


k<i<g 
(9.48) 


where we have denoted |], ; (|vi—a;|) by ® for short. Moreover, since 0 < » < 1, 
257 Fixe — xyl)?@? < 27 F (xe — Xgl)? 51 (z4)?85 (zy)? (9.49) 
i<j i<j 


By Young’s inequality 


9) 4 
2 ff (xi —)))?onla)*silePaeides < EE f p((e,—2),2))%de. (9-50) 


The right side gives rise to the first of the two terms in the formula for the 
two dimensional potential W. The other part is provided by [ F?G?va(xi — x;), 
using that 0 < f <1,0< p< 1 and Young’s inequality. 
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Altogether we obtain 


(U|H|Y) — (net /h?)(U|W) < >|. |vloP + ae Fe W (a; — 2j)O7 + Ri + Ro 


t<J 

(9.51) 

with 
Ri=2}] Fa(v!F).(v'a) (9.52) 

An 

and 

Ra=4 So fF bu — x) (exe — 9)? (9.53) 
hci<g¥ A” 
< Ena 1)(n— ZC J Fy — x) f(a — xal)9n (21)? (22)? (20), 
AS 


where 0 < wy < 1 has been used for the last inequality. 

The error term FR is easily dealt with: It is zero because y(r) is constant for 
r< Rand f(r) is constant for r > R. 

The other term, 2, is estimated as follows. Since f’(r) = 0 for r > R we 
can use the Cauchy Schwarz inequality for the integration over x; at fixed x2 to 
obtain 


[fle =x) snl)? 


= (/ f'(x1 — wa)ba) (eo) 


< (4n||s||.0a"R3/3h?)1/? (9.54) 


1/2 


with a’ = a(1 —a/R)~!. The same estimate for the integration over x3 and a 
subsequent integration over X2 gives 


a’ R8 
b4Ah2- 


Re < (const.)C"n? (9.55) 

We need Ro/(W|V) to be small compared to the leading term in the en- 
ergy, ~ n70~?|In(ph?)|~! with p = n/@?. (Recall that we are in Region II where 
|In(ph?)| = h/a.) Moreover, the leading term should be large compared to the 
Dirichlet localization energy, which is ~ n/€?. We are thus lead to the conditions 
(the first comes from (9.46)): 


nb? na’ R3| In(ph?)| n 
1, ———|S—_ <1, — 
eS ere "Tinh 


> 1, (9.56) 
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which can also be written 


per =i, a) <i, er <1 (9.57) 
These conditions are fulfilled if we choose 
R=h, b=p~'/?|In(ph?)|-% (9.58) 
with a > 1/2 and 
po */?| In(ph?)|/? < € « p7¥/?|In(ph?)|*. (9.59) 
Note also that n = pl? > 1. 
It remains to compare 
(U\w)-? a I. |VvioP + » - W (aj — xj)? (9.60) 


with the expected leading term of the energy, i.e., 4%(n?/€?)| In(na3zp /l?)|~. 
We consider first the simplest case, i.e., n = 2. We have 


o dr 
| IVIg? = (In(b/azp))-220 f — = (In(b/a2p))~?27 In(b/R), (9.61) 
R2 RT 


Inserting the formula (I7) for agp and using R = h, b = p~'/?|In(ph?)|-% and 
a’ = a(1+0(1)) we have 
[vier +4we) = 
R2 
2m (In(b/a2p))~* [In(b/h) + (h/2a"|s||4)] = 47| In(o/a3p)[""(1 + o(1)). (9.63) 


For n > 2 we can use the symmetry of ® to write, using (9.63) as well as 0 < 
g(r) <1, 


a vor +> f W (a; — 23) 0? 
7 VAS AP 


i<j 


=f, (/ ior +a [ Wes) 
AY j=2 VAD 


< 4an?2—)) In(nazp /é?)\-1(1 + 0(1)) + R3 (9.64) 
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with 
Real) i. y' (\v2 — #1|)e" (v3 — 11). (9.65) 


2 


We estimate R3 in the same way as (9.54), obtaining 
Rz < (const.)62("-?)n3b? (In(b/azp))~?2m In(b/R). (9.66) 


The condition that #3 has to be much smaller than the leading term, given by 
Arn?" 1)| In(nazpy /l?)|-!, is equivalent to 


m In(b/R) <1. (9.67) 
With the choice (9.58) this holds if a > 1/2. 


In Region I the ansatz (9.44) can still be used, but this time we take b= R, 
ie., p = 1. In this region (a/h)|In(ph?)| = o(1) and the leading term in the energy 
is ~ n?l~?a/h. Conditions (56) are now replaced by 


nR? na 
— <l, —>1 9.68 
re ea (9.68) 
where have here used that a’ = a(1-+ o(1)), provided R > a. Note that the last 
condition in (9.56) means in particular that n > 1. Putting again p = n/€?, (2.68) 
can be written as 

pR® 


2 72 R2 
CR <1, —<«l, 
p < aS ia 


<1. (9.69) 


By assumption, a/h < 1, but also pah < 1 by the condition of strong confinement, 


c.f. (9.21). We take 


R=a(pah)-° (9.70) 


with 0 < 8, so R > a. Further restrictions come from the conditions (9.69): The 
first and the last of these conditions imply together that 


h 
-<pl<—, (9.71) 
a p 


which can be fulfilled if 
pah < (pah)??, (9.72) 


ie, if B< 4. Note that this implies in particular R < p~!/?. We can then take 


£=p /?(h/a)/? (ah) (9.73) 
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with 126 

0<y< 5 (9.74) 
The second of the conditions (9.69) requires that 
R3 
r = (pah)(a/h)?(pah)~38 <1, (9.75) 
which holds in any case if G < 1/3. A possible choice satisfying all conditions is 

1 1 

B= 3 a5 (9.76) 


The error terms (9.69) are then bounded by (pah)!/° (first and third term) and 
(a/h)? (second term). 


Finally, with 6 = 1, Eqs. (2.51), (2.46) and (42) give 


Arn? alls||4 
(1 + (1). (9.77) 


This completes the proof of the upper bound in boxes with finite n. 


(U|)~* (WAY) — (ne/h?) < 


The upper bound for the energy per particle in the 2D thermodynamic limit 
is now obtained by dividing R? into Dirichlet boxes with side length @ satisfying 
(2.59) in Region II, or in Region I, and distributing the particles evenly 
among the boxes. In other words, the trial wave function in a large box of side 
length L is 


v=), (9.78) 


where a labels the boxes of side length @ contained in the large box, and W, is 
the Dirichlet ground state wave function for n = pé? particles in the box a, with 
p = N/L?. The choice of @ guarantees in particular that the error associated with 
the Dirichlet localization is negligible. In order to avoid contributions from the 
interaction between particles in different boxes the boxes should be separated by 
the range, Ro of the interaction potential and in the “corridors” between the boxes 
the wave function is put equal to zero. The number of particles in each box is then 
not exactly pé?, but rather the smallest integer larger than pl?(¢/(¢ + Ro))?. In 
order that the errors are negligible one needs Ro/f = o(1), as well as pl? > 1, and 
both are guaranteed by the choice (9.73) of £. 


9.3 Scattering Length 


As a preparation for the lower bound we consider in this section the perturbative 
calculation of the 2D scattering length of an integrable potential. 
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Consider a 2D, rotationally symmetric potential W > 0 of finite range Ro. 
As discussed in Appendix [C] the scattering length is determined by minimizing, 
for R > Ro, the functional 


Fal) = / en ITU? + EWP} (9.79) 


with boundary condition ~ = 1 for |z| = R. The Euler equation (zero energy 
scattering equation) is 
—Ay+5Wy =0 (9.80) 


and for r = |z| > R the minimizer, wo, is 
Wo(r) = In(r/adscatt) / n(R/ascatt ) (9.81) 


with a constant dgcatt- This is, by definition, the 2D scattering length for the 
potential W. An equivalent definition follows by computing the energy, 


Ep = Evo] = 207/ In(R/ascatt) (9.82) 


which means that 
Ascatt = Rexp(—27/ER). (9.83) 


Lemma 9.3 (Scattering length for soft potentials). Assume W(x) = Aw(x) with 
A> 0, w > 0, and w € L'(R?), with fw(x)d?x =1. Then, for R> Ro, 


4 A, R 
Ascatt = Rexp (ee) (9.84) 
with n(A, R) > 0 for \ > 0. 
Proof. The statement is, by (9.83), equivalent to 
Er = $X(1 + 0(1)) (9.85) 


where the error term may depend on R. The upper bound is clear by the variational 
principle, taking w = 1 as a test function. For the lower bound note first that 
wo < 1. This follows from the variational principle: Since W > 0 the function 
wo(x) = min{1, Wo} satisfies Er|vo] < Ep|wo]. Hence the function yo = 1— yo is 
nonnegative. It satisfies 

—Ago + sWeo = 5W (9.86) 


and the Dirichlet boundary condition yp = 0 for |z| = R. 
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Integration of (9-80), using that 7o(r) = 1 for r = R, gives 


ER= 4 [wer = [wa — Yo). (9.87) 


Since Yo > 0 we thus need to show that ||Yo||.. = o(1). 
By (86), and since yo and W are both nonnegative, we have —Ayo < $W 
and hence 
yo(x) < | Kole.2!)W(a!yaa! (9.88) 


where Ko(x,x') is the (nonnegative) integral kernel of (—A)~! with Dirichlet 
boundary conditions at |x| = R. The kernel Ko(, x’) is integrable (the singularity 
is ~ In|x — 2’|) and hence, if W is bounded, we have ||Zo||oo < (const.)A||w||oo = 
O(A). 

If w is not bounded we can, for every ¢ > 0, find a bounded w* < w with 
[(w—w*) <.e. Define C, = ||w*||.0. Without restriction we can assume that C- is 
a monotonously decreasing function of ¢ and continuous. The function g(¢) = ¢/C- 
is then monotonously increasing and continuous with g(<) — 0 if « — 0. For every 
(sufficiently small) \ there is an e(A) = o(1) such that g(e(A)) = A. Then 


IIPolloc < (const.)(eE(A) + AC.(,)) = (const.)e(A) = o(1). (9.89) 


Corollary 9.4 (Scattering length for scaled, soft potentials). Assume Wr,,(x) = 
AR~?w1(x/R) with wi > 0 fired and [wi = 1. Then the scattering length of Wr, 


i An + 200) 


x (9.90) 


Ascatt = Rexp (- 
with n(A) > 0 for \ > 0, uniformly in R. 


Proof. This follows from Lemma[¥.3]noting that, by scaling, the scattering length 


of Wr, is R times the scattering length of Aw;. The latter is independent of R. 


Remark. If W is obtained by averaging a 3D integrable potential v over an interval 
of length h in the z variable, the formula (@.90), together with Eq. (C.8), motivates 
the exponential dependence of the effective 2D scattering length (9.17) of v on h/a: 
The integral A = { W(x)d?x is h~* [ v(x)d*x, which for weak potentials is h~'87a 
to lowest order, by Eq. (C8). Inserting this into @.90) gives (17) (apart from 
the dependence on the shape function s). This heuristics is, of course, only valid 
for soft potentials v. An essential step in the lower bound in the next section is the 
replacement of v by a soft potential to which this reasoning can indeed be applied. 
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9.4 Lower Bound 


In the same way as for the upper bound we restrict the attention to the homoge- 
neous case and finite boxes in the 2D variables, this time with Neumann boundary 
conditions. The optimal distribution of particles among the boxes is determined 
by using subadditivity and convexity arguments as in Chapters] and [6] Inhomo- 
geneity in the 2D x variables can be treated by factorizing out a product of GP 
minimizers or, alternatively, by the method of as mentioned at the beginning 
of Section 9.2] 

In the treatment of the lower bound there is a natural division line between 


-1/2 


the case where the mean particle distance p is comparable to or larger than h 


and the case that it is much smaller than h. The first case includes Region II and 


~1/2 ig much smaller than h the boxes 


a part (but not all) of Region I. When p 
have finite extension in the z direction as well. The method is then a fairly simple 
modification of the 3D estimates in Chapter [6] (see also Section 4.4 in [ESeY6]) 
and will not be discussed further here. 

The derivation of a lower bound for the case that ph? < C < oo proceeds by 


the following steps: 


e Use Dyson’s Lemma [2.5] to replace vg by an integrable 3D potential U, re- 
taining part of the kinetic energy. 


e Average the potential U at fixed x € R? over the z-variable to obtain a 
2D potential W. Estimate the error in this averaging procedure by using 
Temple’s inequality (2.51) at each fixed x. 


e The result is a 2D many body problem with an integrable interaction poten- 
tial W which, by Corollary [4] has the right 2D scattering length to lowest 
order in a/h, but reduced kinetic energy inside the range of the potential. 
This problem is treated in the same way as in Chapter B] introducing a 2D 
Dyson potential and using perturbation theory, again estimating the errors 
by Temple’s inequality. 


e Choose the parameters (size ¢ of box, fraction ¢ of the kinetic energy, range 
R of potential U, as well as the corresponding parameters for the 2D Dyson 
potential) optimally to minimize the errors. 


The first two steps are analogous to the corresponding steps in the proof of 
the lower bound in Lemma] cf. Eqs. (848)—(8.53). It is, however, convenient 
to define the Dyson potential U in a slightly different manner than in Eq. (2.43). 
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Namely, for R > 2Ro with Ro the range of v we define 


Ur(r) = (9.91) 


2R-* for $R<r<R 
0 otherwise. 


The reason is that this potential has a simple scaling with R which is convenient 
when applying Corollary9.4] Proceeding as in Eqs. (8.48)—(8.53) we write a general 
wave function as 


W(x1,---,Xn) = Fors. -4%n) T] #nzx) , (9.92) 
and define F(21,...,2n) > 0 by 
|F(a1,...,2n)|? = if Rie ceeeree oe le Il sn(ze)dzp . (9.93) 
k=1 
Note that F' is normalized if VW is normalized. The analogue of Eq. is 


lls 
ne 
(U|H|v) - "> 


y | flv? + (1-2) [VI FP xming erauizn(@i)] TT dex 
i k=1 


+ f [eat +e'cnts — x lx. (zee /A)1f1?] [] sn (2x)2axe, 
k=1 
(9.94) 


where v!! denotes the gradient with respect to x; and 0; = d/dz;. Moreover, yg, 
is the characteristic function of the subset Bs; C R where s(z)? > 6 for 6 > 0, 


= a(1—)(1 — 2R||0s?||./hd), (9.95) 


and k(i) denotes the index of the nearest neighbor to x;. When deriving (9.94) 
the Cauchy Schwarz inequality has been used to bound the longitudinal kinetic 
energy of f in terms of that of F, i-e., 


yf ivise [] s2(2n)2e > > fivier [[ az. (9.96) 
i=1 k=1 i=1 k=1 


We now consider, for fixed 21,...,%p, the term 


n 


ys ft cls? + a Uns — xia ))xeu(eaeo/ I/F] TT onde - (087 
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This is estimated from below in the same way as in Eqs. (8.56), using Temple’s 
inequality. The result is, by a calculation analogous to Eqs. (8.56)—(8.60), 


net = 
qin" > f > favleP +a —eivlFPxin-nweale) 
w=1 
+4W (ai — tea) |F| | Tl are. (9.98) 


where x) denotes here the nearest neighbor to 7; among the points x, € R?, 
k Ai and “ is obtained by averaging a’Up over 2: 


W(x -—2') = 2a" | 8n(z)°8n(2')?UR(|x — x'|)ve,(2'/h)dzdz’ . (9.99) 
RxR 

Here, a” = a’(1— 7) with an error term 7 containing the error estimates form 

the Temple inequality and from ignoring other points than the nearest neighbor 

to x;. Moreover, since [ Up(x)dx = 47, Upr(|x — x’|) = 0 for |x — x’| > R, and 

|s(z)? — s(2’)?| < R]|O.8?||.o for |z — z’| < R we have the estimate 


8 A 
Welder > SE (| s()az- 20.5" 
R2 h Bs h 


87a” R 
> SE (isl 5 $110.0") (9.100) 


As we will explain in a moment, the errors, and the replacement of n — 1 by 
n, require the following terms to be small: 


nh?a  nR 1 R 
—. _ =i 101 
eR3 d h ? é, n’ }, ho (9 0 ) 
The rationale behind the first term is as follows. The Temple errors in the averaging 
procedure at fixed x,,...,2%», produces a factor similar to (0.33), namely 
U7) 1 
1-a’ ( —_ 2 ———_— 9.102 
( “(0) (const.je/h? — <a) eae) 


with 


(u™) a (SoH xi — Xe) |) XBs ( XK )/r) yo ne (z;)?dz;, (9.103) 
cf. Eqs. (855)—(8.56). The analogue of Eq. (857) is 


(U) < (const.)n(n — 1) i (9.104) 
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and (U?) < (const.)nR~?(U) by Schwarz’s inequality. Since the denominator in 


(9.102) must be positive, we see in particular that the particle number must satisfy 


2 
n(n—1)< (const.) (9.105) 
a 


and the error is of the order nh?a/eR? as claimed in (TOI). 
The estimate from below on (U), obtained in the same way as Eq. (8.60), is 


1) =O f U(x: —x5)xweles/h) (1- D> 0K pe — xl) ) TT su(e0? ae 
ij k, k#i,g I=1 
> gar 2 Wee a) (1- (n- 2s) | (9.106) 


In particular, the second term in (9.101), nR/h, should be small. The requirement 
that ¢ and n~! are small needs no further comments. 
The potential W can be written as 


W(x) = AR-?wi(«/R), (9.107) 


where wy, is independent of R, with 


[eae =1 (9.108) 
and r 
\= pau Hs (9.109) 


Here, 7’ is an error term involving 5 and R/(hd) (cf. (£95) and (¥100)) besides 
the other terms in (10). In particular, 6 and R/(hd) should be small. The 2D 
scattering length of (9.107) can be computed by Corollary 9-4Jand has the right 
form to leading order in \. (Recall from the remark preceding Eq. 
that R in can be replaced by h as long as ca < R < Ch.) 

The Hamiltonian on the right side of Eq. (9.98) can now be treated with 
the methods of Chapter] The only difference from the Hamiltonian discussed in 
that paper is the reduced kinetic energy inside the range of the potential W. This 
implies that A in the error term 7(A) in Corr.[9-4Jshould be replaced by A/e, which 
requires 


a 
— a od 
i < (9.110) 


Otherwise the method is the same as in ChapterB] a slight modification of the 2D 
Dyson Lemma 3.1] (see Appendix A in [SY]) allows to substitute for W a potential 
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U of larger range, R, to which perturbation theory and Temple’s inequality can 
be applied. The fraction of the kinetic energy borrowed for the application of 
Temple’s will be denoted by €. The errors that have now to be controlled are 

R ne? 


é, nR? /0?, =, 


gre ee i ae (9.111) 
R éR?1n(R?/a2p) 


To explain these terms we refer to the estimates in Chapter B] Substituting 

é for c and R for R in these estimates we see first that € and nR?/¢? should be 

small. The smallness of R/ R guarantees that the “hole” of radius R in the 2D 

Dyson potential has negligible effect. Since the denominator in the Temple error 

must be positive we see also that the particle number n in the box should obey 
the bound 

n(n — 1) < (const.) €In(R?/a35), (9.112) 


and the Temple error is bounded by (const.)né2/(€R? In(R?/ap)). 

Using superadditivity of the energy (which follows from W > 0) and con- 
vexity in the same way as in Eqs. (2.55)—(2.57) one sees that if p = N/L? is the 
density in the thermodynamically large box of side length LD the optimal choice 
of n in the box of fixed side length @ is n ~ p?. We thus have to show that it is 
possible to choose the parameters ¢, R, 6, £, € and R in such a way that all the 
error terms (9.101) and (9-111), as well as 6 and R/hd are small. We note that 
the conditions a/h < 1 and p|ln(pa5p)|~' < 1/h? imply pas) — 0 and hence 
|In(pa3p)| 2 

We make the ansatz 


ca(8)", 52(8)", nen(S), ents 


and choose ¢ such that L is a multiple of @ with 


= 0. 


-1/2 eo ijefe yr? 
ple<l<p (=) (9.114) 


Then n = pl? > 1 and R/(hd) = (a/h)°-“. The error terms (ZI0i) are also 
powers of a/h and we have to ensure that all exponents are positive, in particular 


B-a>0, B-2y>0, 1-a—36-2y>0. (9.115) 


This is fulfilled, e.g., for 


1 2 
a=ad'=5, 6=5, 1=—, (9.116) 
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with all the exponents equal to 1/9. Note also that with this choice Eq. 


(5.110) is fulfilled. 


Next we write 
=|In(padp)|-*, B= p-¥/2|In(pa3p) IS. (9.117) 


Then | In(a3p /R?)| = |In(a3pp)|(1 + o(1)). The error terms are 


7 _, Rk a\F nR? _ 
E=|In(paip)"", = (F) (0h?) |In(padp 6, = | n(pap 1%, 


R 
(9.118) 
and 
nb? a\ —47 ; 
ar In(pa2z,y)|7 47 "-29 (1 + O(In | In(pa2y)|)). (9.119 
Pina) 7G) ‘inteatn) (1+ 0(In|In(pa%p)))). (9.119) 


Since (a/h)~*7 | In(pa3,5)|~47 = O(1), the error term (119) can also be written 
as 

a = O(1)| In(pa35)\7 78-25-41 + O(n | In(pa25)|)). (9.120) 
ER? In(R2/a2,) a oe 


The condition ph? < C is used to bound R/R in (118). Namely, 


(ph2)*/2| In(pa39)|S < (const.)(h/a)S, (9.121) 
so 
R a\8-S 
5 = Ol) (>) (9.122) 
We choose now 
¢= : k= : (9.123) 
9 ge 
Then 
1 1 
B-C=5 and ee ane cae (9.124) 


This completes our discussion of the lower bound for the case ph? < C' < oo 
and a homogeneous system in the 2D zx variables. As already mentioned, the 
case ph? >> 1 can be treated with the 3D methods of Chapters B] and [6] and 
inhomogeneity in the x variables by separating out a product of GP minimizers, 
or by the method of 


Chapter 10 


The Charged Bose Gas, 
the One- and Two-Component 
Cases 


The setting now changes abruptly. Instead of particles interacting with a short- 
range potential v(|x; — x,|) they interact via the Coulomb potential 


v(x¢ — 41) = [ei — 7 


(in 3 dimensions). The unit of electric charge is 1 in our units. 

We will here consider both the one- and two-component gases. In the one- 
component gas (also referred to as the one-component plasma or bosonic jellium) 
we consider positively charged particles confined to a box with a uniformly charged 
background. In the two-component gas we have particles of both positive and 
negative charges moving in all of space. 


10.1 The One-Component Gas 


In the one-component gas there are N positively charged particles in a large box 
A of volume L® as before, with p = N/L?. 

To offset the huge Coulomb repulsion (which would drive the particles to the 
walls of the box) we add a uniform negative background of precisely the same 
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charge, namely density p. Our Hamiltonian is thus 


N 
HO = So -wdi-V(xi)+ So v(lxi—x,|)+C (10.1) 
i=1 1<i<j<N 
with 
1 
Vx)= p| Ix —y|"*dy and C= se | V (x)dx . 
A 2 A 


We shall use Dirichlet boundary conditions. As before the Hamiltonian acts on 
symmetric wave functions in oe ,dx1--:dxn). 

Each particle interacts only with others and not with itself. Thus, despite the 
fact that the Coulomb potential is positive definite, the ground state energy Eo 
can be (and is) negative (just take V =const.). This time, large p is the ‘weakly 
interacting’ regime. 

We know from the work in that the thermodynamic limit e9() defined 
as in (2.2) exists. It also follows from this work that we would, in fact, get the 
same thermodynamic energy if we did not restrict the number of particles N, but 
considered the grand-canonical case where we minimize the energy over all possible 
particle numbers, but keeping the background charge p fixed. 

Another way in which this problem is different from the previous one is 
that perturbation theory is correct to leading order. If one computes (V, HW) with 
W =const, one gets the right first order answer, namely 0. It is the next order in 
1/p that is interesting, and this is entirely due to correlations. In 1961 Foldy 
calculated this correlation energy according to the prescription of Bogoliubov’s 
1947 theory. That theory was not exact for the dilute Bose gas, as we have seen, 
even to first order. We are now looking at second order, which should be even 
worse. Nevertheless, there was good physical intuition that this calculation should 
be asymptotically exact. Indeed it is, as proved in [ESo] and [Sqj. 

The Bogoliubov theory states that the main contribution to the energy comes 
from pairing of particles into momenta k,—k and is the bosonic analogue of the 
BCS theory of superconductivity which came a decade later. Le., Vo is a sum of 
products of terms of the form exp{tk - (x; — x;)}. 

The following theorem is the main result for the one-component gas. 


Theorem 10.1 (Foldy’s law for the one-component gas). 


1/4 
sees HES (ZY" 
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This is the first example (in more than 1 dimension) in which Bogoliubov’s 
pairing theory has been rigorously validated. It has to be emphasized, however, 
that Foldy and Bogoliubov rely on the existence of Bose-Einstein condensation. 
We neither make such a hypothesis nor does our result for the energy imply the 
existence of such condensation. As we said earlier, it is sufficient to prove conden- 
sation in small boxes of fixed size. 

Incidentally, the one-dimensional example for which Bogoliubov’s theory is 

asymptotically exact to the first two orders (high density) is the repulsive delta- 
function Bose gas [LI], discussed in Appendix for which there is no Bose- 
Einstein condensation. 
To appreciate the —p'/* nature of (03), it is useful to compare it with 
what one would get if the bosons had infinite mass, i.e., the first term in (101) 
is dropped. Then the energy would be proportional to —p'/? as shown in [LN]. 
Thus, the effect of quantum mechanics is to lower 3 to +. 

A problem somewhat related to bosonic jellium is fermionic jellium. Graf 
and Solovej [GS] have proved that the first two terms are what one would expect, 
namely 


€9(p) = Crpp?!/? — Cpp*/? + o(p*/8), (10.3) 


where C'pp is the usual Thomas-Fermi constant and Cp is the usual Dirac exchange 
constant. 

It is supposedly true, for both bosonic and fermionic particles, that there 
is a critical mass above which the ground state should show crystalline ordering 
(Wigner crystal), but this has never been proved and it remains an intriguing 
open problem, even for the infinite mass case. A simple scaling shows that large 
mass is the same as small p, and is thus outside the region where a Bogoliubov 
approximation can be expected to hold. 

As for the dilute Bose gas, there are several relevant length scales in the 
problem of the charged Bose gas. For the dilute gas there were three scales. This 
time there are just two. Because of the long range nature of the Coulomb problem 
there is no scale corresponding to the scattering length a. One relevant length scale 
is again the interparticle distance p—!/3. The other is the correlation length scale 
leoor ~ p'/* (ignoring the dependence on p). The order of the correlation length 
scale can be understood heuristically as follows. Localizing on a scale ¢.; requires 


—2 
cor* 


kinetic energy of the order of @ The Coulomb potential from the particles 


and background on the scale cor is (pl3,,.)/€cor. Thus the kinetic energy and the 
Coulomb energy balance when @.o; ~ p~!/*. This heuristics is however much too 


simplified and hides the true complexity of the situation. 
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Note that in the high density limit ¢..; is long compared to the interparticle 
distance. This is analogous to the dilute gas where the scale ¢, is also long compared 
to the interparticle distance [see (2-12)]. There is however no real analogy between 
the scale ¢.o, for the charged gas and the scale ¢, for the dilute gas. In particular, 
whereas eo(p) for the dilute gas is, up to a constant, of the same order as the 
kinetic energy ~ pl>? we have for the charged gas that eo(p) % 052 = p'/?. The 
reason for this difference is that on average only a small fraction of the particles 
in the charged gas actually correlate. 


10.2 The Two-Component Gas 


Now we consider N particles with charges +1. The Hamiltonian is thus 


N 


HY =S--pAit+ eee 


i=1 1<i<j<N 


This time we are interested in Ee) (N) the ground state energy of Ho minimized 


over all possible combination of charges e; = +1, i.e., we do not necessarily assume 
that the minimum occurs for the neutral case. Restricting to the neutral case would 
however not change the result we give below. 

An equivalent formulation is to say that Ee) (N) is the ground state energy 
of the Hamiltonian acting on all wave functions of space and charge, i.e., functions 
in L? ((R® x {—1,1})*). As mentioned in the introduction, and explained in the 
beginning of the proof of Thm. 2.2] for the calculation of the ground state energy 
we may as usual restrict to symmetric functions in this Hilbert space. 

For the two-component gas there is no thermodynamic limit. In fact, Dyson 
proved that EN) was at least as negative as —(const)N7/> as N — oo. 
Thus, thermodynamic stability (i.e., a linear lower bound) fails for this gas. Years 
later, a lower bound of this —N 7/5 form was finally established in [CLY], thereby 
proving that this law is correct. 

The connection of this —N7/> law with the jellium —p!/* law (for which a 
corresponding lower bound was also given in |CLY|) was pointed out by Dyson 
in the following way. Assuming the correctness of the —p!/* law, one can treat 
the 2-component gas by treating each component as a background for the other. 
What should the density be? If the gas has a radius LE and if it has N bosons then 
p = NL~®. However, the extra kinetic energy needed to compress the gas to this 
radius is NL~?. The total energy is then NL~? — Np'/4, and minimizing this with 
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respect to L gives L ~ N~'/5 and leads to the —N7/* law. The correlation length 
scale is now oor ~ pt/4 ~ N72/5, 

In Dyson conjectured an exact asymptotic expression for EY) (N) for 
large N. That this asymptotics, as formulated in the next theorem, is indeed 


correct is proved in and [SoJ. 


Theorem 10.2 (Dyson’s law for the two-component gas). 


(2) 
lim Bo) 564 u | vor — 1 [ 0/? o<o, [ @7=1+, (104) 
N-oo N7/5 R3 R3 R3 


where Ip is the constant from Foldy’s law: 


_ 8rGja 72)" 
«61 (5/4) (=) 


0 


This asymptotics can be understood as a mean field theory for the gas density, 
very much like the Gross-Pitaevskii functional for dilute trapped gases, where the 
local energy described by Foldy’s law should be balanced by the kinetic energy 
of the gas density. Thus if we let the gas density be given by ¢? then the “mean 
field” energy should be 


De 5/2 
u [Ivo h [6 | (10.5) 


Here { ¢? = N. If we now define 6(x) = N—*/5¢(N~1/5x) we see that [ 6? = 1 
and that the above energy is 


NTS (uf vor mf oe). 
R3 R3 


It may be somewhat surprising that it is exactly the same constant Jp that 
appears in both the one- and two-component cases. The reason that there are no 
extra factors to account for the difference between one and two components is, 
as we shall see below, a simple consequence of Bogoliubov’s method. The origin 
of this equivalence, while clear mathematically, does not appear to have a simple 
physical interpretation. 


10.3 The Bogoliubov Approximation 


In this section we shall briefly explain the Bogoliubov approximation and how 
it is applied in the case of the charged Bose gas. The Bogoliubov method relies 
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on the exact diagonalization of a Hamiltonian, which is quadratic in creation and 


annihilation operators. For the charged Bose gas one only needs a very simple case 


of the general diagonalization procedure. On the other hand, the operators that 


appear are not exact creation and annihilation operators. A slightly more general 


formulation is needed. 


Theorem 10.3 (Simple case of Bogoliubov’s method). Assume that bs, 


are four 


(possibly unbounded) commuting operators satisfying the operator inequality 


[b b; sa for alle,7 = +. 


T,e9 UT,e 


Then for all real numbers A, B.,B_ > 0 we have 


A OF e0e 
E1 


T,e=2 


+ >> VB Bere’ (bY bye +O bo +h edt er +4 0b_ 
1 


e,e’=t 


> -(A+6,+6_)+/(A4+ 6, + B_)? — (By +B_)?. 


If bs. 4 are four annihilation operators then the lower bound is sharp. 


Proof. Let us introduce 


d= (B, + B_)-V?2(81 ot, — BY? bt _), 


and 
a= B.9B) 764i Bee): 


Then these operators satisfy 


[d,.,d4] <1, [d pa] <1. 


The operator that we want to estimate from below may be rewritten as 


A(di.d, + did_+cic,+cic_) 
+(B, + B_) (did, + did_+did* +d,d_). 


We may now complete the squares to write this as 


A(ci.c, +c%c_) + D(di, + Ad_)(d4, + Ad_)* 
+D(d* + Ad,.)(d* + Ad,)* — Dd? ([d,, d] + [d_, d*]) 


’) 
,e 


10.3. The Bogoliubov Approximation 121 


if 
D(1+A7)=A+B,+B_, 2D\=B,+B_. 
2 
We choose the solution A = 1+ Base — (1 + ass) — 1. Hence 


DM = 4 (A+B, +B - (A+B, +B - (B, +B)) . 


In the theorem above one could of course also have included linear terms in 
b;,e in the Hamiltonian. In the technical proofs in the Bogoliubov di- 
agonalization with linear terms is indeed being used to control certain error terms. 
Here we shall not discuss the technical details of the proofs. We have therefore 
stated the theorem in the simplest form in which we shall need it to derive the 
leading contribution. 

In our applications to the charged Bose gas the operators b+,- will correspond 


to the annihilation of particles with charge e = + and momenta +k for some 
k € R®. Thus, only equal and opposite momenta couple. In a translation invariant 
case this would be a simple consequence of momentum conservation. The one- 
component gas is not translation invariant, in our formulation. The two-component 
gas is translation invariant, but it is natural to break translation invariance by 
going into the center of mass frame. In both cases it is only in some approximate 
sense that equal and opposite momenta couple. 

In the case of the one-component gas we only need particles of one sign. In 
this case we use the above theorem with b,,— = 0 and B_ = 0. 

We note that the lower bounds in Theorem [10.3] for the one- and two-com- 
ponent gases are the same except for the replacement of B, in the one-component 


case by 6B, + B_ in the two-component case. In the application to the two- 
component gas 6, and B_ will be proportional to the particle densities for re- 
spectively the positive or negatively charged particles. For the one-component gas 
B.. is proportional to the background density. 

The Bogoliubov diagonalization method cannot be immediately applied to 


) 


the operators HY or H @) since these operators are not quadratic in creation and 


annihilation operators. In fact, they are quartic. They have the general form 
oS tapagag + 4 S- Wo.Bpv Ig Aga, Ay» (10.6) 
a, 8 a8, ,Y 

with 
tog =(a|T|B), — Wappv = (B|W|ur), 


122 Chapter 10. The Charged Bose Gas, the One- and Two-Component Cases 


where T’ is the one-body part of the Hamiltonian and W is the two-body-part of 
the Hamiltonian. 

The main step in Bogoliubov’s approximation is now to assume Bose-Einstein 
condensation, i.e., that almost all particles are in the same one-particle state. 
In case of the two-component gas this means that almost half the particles are 
positively charged and in the same one-particle state as almost all the other half 
of negatively charged particles. We denote this condensate state by the index 
a = 0 in the sums above. Based on the assumption of condensation Bogoliubov 
now argues that one may ignore all terms in the quartic Hamiltonian above which 
contain 3 or 4 non-zero indices and at the same time replace all creation and 
annihilation operators of the condensate by their expectation values. The result is 
a quadratic Hamiltonian (including linear terms) in the creation and annihilation 
with non-zero index. This Hamiltonian is of course not particle number preserving, 
reflecting the simple fact that particles may be created out of the condensate or 
annihilated into the condensate. 

In Section[I0.5] below it is explained how to construct trial wave functions for 
the one- and two-component charged gases whose expectations agree essentially 
with the prescription in the Bogoliubov approximation. The details appear in [SoJ. 
This will imply upper bounds on the energies corresponding to the asymptotic 
forms given in Theorems [QJ] and I0.2] 

In it is proved how to make the steps in the Bogoliubov ap- 
proximation rigorous as lower bounds. The main difficulty is to control the degree 
of condensation. As already explained it is not necessary to prove condensation 
in the strong sense described above. We shall only prove condensation in small 
boxes. Put differently, we shall not conclude that most particles are in the same 
one-particle state, but rather prove that most particles occupy one-particle states 
that look the same on short scales, i.e., that vary slowly. Here the short scale is 
the correlation length scale 0¢o,. 


10.4 The Rigorous Lower Bounds 


As already mentioned we must localize into small boxes of some fixed size @. 
This time we must require (5, < ¢. For the one-component gas this choice is 
made only in order to control the degree of condensation. For the two-component 
gas it is required both to control the order of condensation, and also to make a 
local constant density approximation. The reason we can control the degree of 
condensation in a small box is that the localized kinetic energy has a gap above 
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the lowest energy state. In fact, the gap is of order ¢~?. Thus if we require that 
is such that N¢~? is much greater than the energy we may conclude that most 
particles are in the lowest eigenvalue state for the localized kinetic energy. We shall 
always choose the localized kinetic energy in such a way that the lowest eigenstate, 
and hence the condensate, is simply a constant function. 


10.4.1 Localizing the interaction 


In contrast to the dilute gas the long range Coulomb potential prevents us from 
simply ignoring the interaction between the small boxes. To overcome this problem 
we use a sliding technique first introduced in [CLY]. 


Theorem 10.4 (Controlling interactions by sliding). Let x be a smooth approxima- 
tion to the characteristic function of the unit cube centered at the origin. For £ > 0 
and z € R® let X2(x) = X((x — z)/£). There exists an w > 0 depending on x (in 
such a way that it tends to infinity as X approximates the characteristic function) 
such that 


-1 
eje; 2 Nw 
Sm 2%) fo E cermatoa anda Fe 


1<i<j<N 


for all x,,...€ R® and e,,... =+1, where 


Wz (x, y) = Xz (x)Yuye (x a Y)Xz (y) 
with Y,,(x) = |x|~! exp(—p|x|) being the Yukawa potential. 


The significance of this result is that the two-body potential wz, is localized 
to the cube of size & centered at ¢z. The lower bound above is thus an integral 
over localized interactions sliding around with the integration parameter. 

We have stated the sliding estimate in the form relevant to the two-compo- 
nent problem. There is an equivalent version for the one-component gas, where 
the sum of the particle-particle, particle-background, and background-background 
interactions may be bounded below by corresponding localized interactions. 

Since @ >> é.o, the error in the sliding estimate is much smaller than wN/cor, 
which for both the one and two-component gases is of order w times the order of 
the energy. Thus, since @ is much bigger than ¢.o;, we have room to let w be very 
large, i.e., X is close to the characteristic function. 
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10.4.2 Localizing the kinetic energy 


Having described the technique to control the interaction between localized regions 
we turn next to the localization of the kinetic energy. 

For the two-component gas this is done in two steps. As already mentioned 
it is natural to break the translation invariance of the two-component gas. We do 
this by localizing the system into a box of size L’ >> N~'/ (which as we saw is 
the expected size of the gas) as follows. By a partition of unity we can divide space 
into boxes of this size paying a localization error due to the kinetic energy of order 
NL'~? < N*/®,. We control the interaction between these boxes using the sliding 
technique. 

We may now argue, as follows, that the energy is smallest if all the particles 
are in just one box. For simplicity we give this argument for the case of two boxes. 
Suppose the two boxes have respective wave functions q and w. The total energy 
of these two non-interacting boxes is F + E. Now put all the particles in one 
box with the trial function VU = we. The fact that this function is not bosonic 
(i.e., it is not symmetric with respect to all the variables) is irrelevant because 
the true bosonic ground state energy is never greater than that of any trial state 
(Perron-Frobenius Theorem). The energy of W is 


B+ B+ ff pole yl tasly)dxdy, 


where py and pj, are the respective charge densities of the states w and wp. We 
claim that the last Coulomb term can be made non-positive. How? If it is positive 
then we simply change the state w by interchanging positive and negative charges 
(only in a and not in w). The reader is reminded that we have not constrained 
the number of positive and negative particles but only their sum. This change in 
w reverses the relative charge of the states ~ and w so, by symmetry the energies 
E and E do not change, whereas the Coulomb interaction changes sign. 

The localization into smaller cubes of size € can however not be done by a 
crude partition of unity localization. Indeed, this would cost a localization error 
of order Né~?, which as explained is required to be of much greater order than 
the energy. 

For the one-component charged gas we may instead use a Neumann local- 
ization of the kinetic energy, as for the dilute Bose gas. If we denote by AY) the 
Neumann Laplacian for the cube of size @ centered at z we may, in the spirit of 
the sliding estimate, write the Neumann localization Laplacian in all of R® as 


A= | -a\az. 
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In order to write the localized kinetic energy in the same form as the localized 
interaction we must introduce the smooth localization xX as in Theorem[I0.4] This 
can be achieved by ignoring the low momentum part of the kinetic energy. 

More precisely, there exist e(X) and s(X) such that ¢(x) > 0 and s(x) - 0 
as X approaches the characteristic function of the unit cube and such that (see 
Lemma 6.1 in [LSo]) 


—AW? > (1 = €(X))PaXa(x) Fee(x) (—A)Xa(X)Ps (10.7) 


where P,, denotes the projection orthogonal to constants in the cube of size ¢ 


centered at z and 5 


Fe) = a? 


For u < s~? we have that F,(u) < u. Hence the effect of F in the operator 
estimate above is to ignore the low momentum part of the Laplacian. 

For the two-component gas one cannot use the Neumann localization as for 
the one-component gas. Using a Neumann localization ignores the kinetic energy 
corresponding to long range variations in the wave function and one would not get 
the kinetic energy term [ y|V®|? in (10.4). This is the essential difference between 
the one- and two-component cases. This problem is solved in where a new 
kinetic energy localization technique is developed. The idea is again to separate 
the high and low momentum part of the kinetic energy. The high momentum part 
is then localized as before, whereas the low momentum part is used to connect 
the localized regions by a term corresponding to a discrete Laplacian. (For details 
and the proof the reader is referred to .) 


Theorem 10.5 (A many body kinetic energy localization). Let x,, Pz and F, 
be as above. There exist (xX) and s(x) such that e(x) — 0 and s(x) — 0 as 
xX approaches the characteristic function of the unit cube and such that for all 
normalized symmetric wave functions V in L?((R® x {-1,1})%) and all Q c R? 


we have 


N 
(1 + e(Xx)) (v. 2 a) = [ [cz Pez X bz (x) Fes(x) (—A)X c2(x)Pe2W) 


+10? S~ (Su(&z+y))- Su (éz))?| de 


yezs 
ly|=1 


—const. £~?Vol(Q), 


where 
Su(z) = 1/(Y, (aps (2), (2) + af_(z)ag_(z))¥) +1-1 
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with ag4(z) being the annihilation of a particle of charge + in the state given by 


the normalized characteristic function of the cube of size € centered at z. 


The first term in the kinetic energy localization in this theorem is the same 
as in (10.7%). The second term gives rise to a discrete Laplacian for the function 
Sy(z), which is essentially the number of condensate particles in the cube of 
size £ centered at ¢z. Since we will eventually conclude that most particles are in 
the condensate this term will after approximating the discrete Laplacian by the 
continuum Laplacian lead to the term { j.|V¢|? in (10.5). We shall not discuss this 
any further here. 

When we apply this theorem to the two-component gas the set @Q will be the 
box of size L’ discussed above. Hence the error term £~*Vol(Q) will be of order 
LB /@-5 «& (N2/50)-5(N1/5L/)3N7/5, Thus since £ >> N-?/> we may still choose 
L' > N~*/®, as required, and have this error term be lower order than N*/°. 


10.4.3 Controlling the degree of condensation 


After now having localized the problem into smaller cubes we are ready to control 
the degree of condensation. We recall that the condensate state is the constant 
function in each cube. Let us denote by 7, the number of excited (i.e., non- 
condensed particles) in the box of size £ centered at z. Thus for the two-component 
gas Nz + 494 (Z)a9,(z) + ag_ (z)ag_(z) is the total number of particles in the box 
and a similar expression gives the particle number for the one-component gas. 

As discussed above we can use the fact that the kinetic energy localized to a 
small box has a gap above its lowest eigenvalue to control the number of excited 
particles. Actually, this will show that the expectation (V,n,V) is much smaller 
than the total number of particles in the box for any state V with negative energy 
expectation. 

One needs, however, also a good bound on (W,72W) to control the Coulomb 
interaction of the non-condensed particles. This is more difficult. In this is 
not achieved directly through a bound on (W,7,W) in the ground state. Rather 
it is proved that one may change the ground state without changing its energy 
very much, so that it only contains values of nz localized close to (V,n,WV). The 
following theorem gives this very general localization technique. Its proof can be 


found in ; 


Theorem 10.6 (Localizing large matrices). Suppose that A isan N+1x N+1 
Hermitian matrix and let A*, with k = 0,1,...,N, denote the matrix consisting of 
the k*™ supra- and infra-diagonal of A. Let » € CN** be a normalized vector and 
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set dp = (, A’) and \ = (W, Av) = y dy. (w need not be an eigenvector of 
A.) 

Choose some positive integer M < N+1. Then, with M fixed, there is some 
n €[0,N+1—M] and some normalized vector ¢ € CN++ with the property that 
o; =O unlessnt+1<j<n+M (ie., @ has length M) and such that 


C M-1 N 
(6,Ad) SA+ sy DS Mldel + DS) lee , (10.8) 
k=1 k=M 


where C' > 0 is a universal constant. (Note that the first sum starts with k = 1.) 


To use this theorem we start with a ground state (or approximate ground 
state) U to the many body problem. We then consider the projections of V onto the 
eigenspaces of nz. Since the possible eigenvalues run from 0 to N these projections 
span an at most N + 1 dimensional space. 

We use the above theorem with A being the many body Hamiltonian re- 
stricted to this N +1 dimensional subspace. Since the Hamiltonian can change the 
number of excited particles by at most two we see that d; vanishes for k > 3. We 
shall not here discuss the estimates on d; and dz (see [LSo}[ESo2]). The conclusion 
is that we may, without changing the energy expectation of UV too much, assume 
that the values of 7, run in an interval of length much smaller than the total 
number of particles. We would like to conclude that this interval is close to zero. 
This follows from the fact that any wave function with energy expectation close 
to the minimum must have an expected number of excited particles much smaller 
than the total number of particles. 


10.4.4 The quadratic Hamiltonian 


Using our control on the degree of condensation it is now possible to estimate all 
unwanted terms in the Hamiltonian, i.e., terms that contain 3 or more creation 
or annihilation operators corresponding to excited (non-condensate) states. The 
proof which is a rather complicated bootstrapping argument is more or less the 
same for the one- and two-component gases. The result, in fact, shows that we 
can ignore other terms too. In fact if we go back to the general form ([0.6) of the 
Hamiltonian it turns out that we can control all quartic terms except the ones 
with the coefficients: 


WaB00, W00a8, Wao0s, and Woaso- 


To be more precise, let ua, @ = 1,... be an orthonormal basis of real functions 
for the subspace of functions on the cube of size @ centered at z orthogonal to 
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constants, i.e, with vanishing average in the cube. We shall now omit the subscript 


z and let ao+ be the annihilation of a particle of charge +1 in the normalized 


constant function in the cube (i.e., in the condensate). Let aa4 with a 4 0 be 


the annihilation operator for a particle of charge +1 in the state ua. We can then 
show that the main contribution to the localized energy of the two-component gas 
comes from the Hamiltonian 


a,B=1 


e=t 


oo 
Mocal = SS topaned pe 
Bae 


1 , * * * * * * 
15 ) ce Wap (249g Ae! Abe a Bee! ae! IBe 7 Gael Be! Age! Aye), 


where 
tap = M(to, PaX2(X)Fes(y)(—A)X2(x)Peug) 
and 


wap =o / | tte (X)Xx(2) Yoye(% — y)Xa(y)ug(x)dxdy. 


In Ajocal we have ignored all error terms and hence also <(x) © 0 and f x? ~ 1. 
In the case of the one-component gas we get exactly the same local Hamil- 


tonian, except that we have only one type of particles, i.e, we may set a,_ = 0 
above. 
Let ve = Sor) a%44,4 be the total number of particles in the box with 


charge +1. For k € R? we let Xx.2(x) = Xz(x)e’**. We then introduce the opera- 
tors 
bit = (874) 7/04 (PaXk,2) 


where ai(P2Xk,z) = >) 1 (Xk,2;Uo)@_4 annihilates a particle in the state Xz 


with charge +1. It is then clear that the operators b,+ all commute and a straight- 


forward calculation shows that 


[ress Dies] S (Cvs) "||PeX2ll?apedos <1. 


If we observe that 


y taparedge = (2n)® fF ese (2) D> ae PaXica)" ae PaXien) dk 
a,B=1 e=r 


IV 


(2m) 38 i 1Fes(q) (2) So PhDs 


e=xm 
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we see that 
Ayocal 2 (2m)? [He Feo (k*) S- (Die DKe + D0 4s) 
e >s Y.,e(k) V VeVeree (Deed ¢1 a ee “I ie a oF b_ edi er )dk 


ee/=+ 


- S- Wap (ag4Ag4 + a5_Gg_). 
aZB=1 


The last term comes from commuting ajia@ 4 to agiag+. It is easy to see that 


this last term is a bounded operator with norm bounded by 
const. (v4 + v-)e~3||¥.,/el]oo < const.w7? (v4 + v_)et. 


When summing over all boxes we see that the last term above gives a contribution 
bounded by const. w~?Né-! = w-?(N2/5)-1N7/5 which is lower order than the 
energy. 

The integrand in the lower bound on Ajgcaj is precisely an operator of the 
form treated in the Bogoliubov method Theorem[]0.3] Thus up to negligible errors 
we see that the operator Hj ca) is bounded below by 


4(2n)~* / —(A(k) + B(k)) + V(A(k) + B(k))? — B(k)? dk, 


where 
A(k) = pl? Fes(,)(k?) and B(k) = vY,,e(k) 


with vy = v, + v_ being the total number of particles in the small box. A fairly 
simple analysis of the above integral shows that we may to leading order replace 
A by pl?k? and B(k) by 47v|k|~?, ie., we may ignore the cut-offs. The final 
conclusion is that the local energy is given to leading order by 


—1 
say f arelil? + pO |k|? — /(4mv|k|-2 + 03|k|2)? — (4rv|k|-?)2 dk 
2(27)8 


= —2N2q-3/4y (=) | 14+ 04 — 9?(24 24)? de. 
M 0 


If we finally use that 


. 2 1/2 2°/4\/n0(3/4) 
| 1l+a*—27(24+ 24)? de = 56/4) 


1/4 


we see that the local energy to leading order is —Igv(v/0?) For the one- 


component gas we should set v = pé? and for the two-component gas we should 
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set v = ¢70° (see (10.5)). After replacing the sum over boxes by an integral and 
at the same time replace the discrete Laplacian by a continuum Laplacian, as 
described above, we arrive at asymptotic lower bounds as in Theorems [0_J] and 
00) 

There is one issue that we have not discussed at all and which played an 
important role in the treatment of the dilute gas. How do we know the number 
of particles in each of the small cubes? For the dilute gas a superadditivity ar- 
gument was used to show that there was an equipartition of particles among the 
smaller boxes. Such an argument cannot be used for the charged gas. For the one- 
component gas one simply minimizes the energy over all possible particle numbers 
in each little box. It turns out that charge neutrality is essentially required for 
the energy to be minimized. Since the background charge in each box is fixed this 
fixes the particle number. 

For the two-component there is a-priori nothing that fixes the particle number 
in each box. More precisely, if we ignored the kinetic energy between the small 
boxes it would be energetically favorable to put all particles in one small box. It is 
the kinetic energy between boxes, i.e., the discrete Laplacian term in Theorem[10_5] 
that prevents this from happening. Thus we could in principle again minimize over 
all particle numbers and hope to prove the correct particle number dependence 
(i.e., Foldy’s law) in each small box. This is essentially what is done except that 
boxes with very many or very few particles must be treated somewhat differently 
from the “good” boxes. In the “bad” boxes we do not prove Foldy’s law, but only 
weaker estimates that are adequate for the argument. 


10.5 The Rigorous Upper Bounds 


10.5.1 The upper bound for the two-component gas 


To prove an upper bound on the energy EO) (N) of the form given in Dyson’s 
formula Theorem [10.2] we shall construct a trial function from the prescription in 
the Bogoliubov approximation. We shall use as an input a minimizer ® for the 
variational problem on the right side of (10.4). That minimizers exist can be easily 
seen using spherical decreasing rearrangements. It is however not important that 
a minimizer exists. An approximate minimizer would also do for the argument 


given here. Define ¢o(x) = N3/1°6(N1!/5x). Then again { 42 = 1. In terms of the 
unscaled function ¢ in (10-5), ¢0(x) = N~'@(x). 
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Let dg, a = 1,... be an orthonormal family of real functions all orthogonal 
to ¢o. We choose these functions below. 

We follow Dyson and choose a trial function which does not have a 
specified particle number, i.e., a state in the bosonic Fock space. 

As our trial many-body wave function we now choose 


vw = exp (Xj + Apagy + AoaG— ) 
x TJ 0-28) 4exm(- ~~ ay c@3.e) (0), (10.9) 
a0 e,e’=+1a40 
where az, is the creation of a particle of charge e = +1 in the state @q, |0) is 
the vacuum state, and the coefficients Ao, A1,... will be chosen below satisfying 


0<Aa<1fora#0. 

It is straightforward to check that WV is a normalized function. 

Dyson used a very similar trial state in [D2], but in his case the exponent was 
a purely quadratic expression in creation operators, whereas the one used here is 


only quadratic in the creation operators a%,, with a # 0 and linear in aj,. As 


ae? 


a consequence our state will be more sharply localized around the mean of the 
particle number. 

In fact, the above trial state is precisely what is suggested by the Bogoliubov 
approximation. To see this note that one has 


(@o4 —Ao)W=0, and (ag, —a%_+Aa(ag4 — ag_)) ¥ =0 


for all a £ 0. Thus the creation operators for the condensed states can be replaced 
by their expectation values and an adequate quadratic expression in the non- 
condensed creation and annihilation operators is minimized. 

Consider now the operator 


y= (bal: (10.10) 


A straightforward calculation of the energy expectation in the state UV gives that 


a = 2Xu / (Vo)? + Tr (—HAy) 
N=0 


+2\2Tr (« (7 -Vy(y+ 1)) ; 
where XK is the operator with integral kernel 


K(x, y) = ¢0(x)|x — yl *do(y). (10.11) 
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Moreover, the expected particle number in the state W is 2\3 + Tr(y). In order for 
W to be well defined by the formula (10.9) we must require this expectation to be 
finite. 

Instead of making explicit choices for the individual functions ¢, and the 
coefficients Ag, a # 0 we may equivalently choose the operator y. In defining + 
we use the method of coherent states. Let x be a non-negative real and smooth 
function supported in the unit ball in R°, with fx? = 1. Let as before N~?/> « 
£< N—‘/5 and define x¢(x) = £~°/?x(x/£). We choose 


j= en) | f(a, [p|)P x |Ou,p) (Oup|Pd, dudp 
R3 xR 
where Pa is the projection orthogonal to ¢o, 


Ou,p(x) = exp(ip -x)Xe(x — u), 


a p* + 167A3 ud (u)? 
a= (5 (pt + 32mA3u-Igo(u)2) 7? ‘} 


We note that 7 is a positive trace class operator, y¢9 = 0, and that all eigen- 


and 


functions of y may be chosen real. These are precisely the requirements needed in 
order for to define the orthonormal family ¢q and the coefficients A. for a # 0. 

We use the following version of the Berezin-Lieb inequality [Be] {L4]. Assume 
that €(t) is an operator concave function of Ry U {0} with €(0) > 0. Then if Y is 
a positive semi-definite operator we have 


Tr (YE()) > (20) feta é(F(u, [pl)) (up: PEYPLOup) dudp. (10.12) 


We use this for the function €(t) = ./t(¢+1). Of course, if € is the identity 
function then is an identity. If Y = J then holds for all concave € 
with €(0) >0 

Proving an upper bound on the energy expectation (IOI) is thus reduced to 
the calculations of explicit integrals. After estimating these integrals one arrives 
at the leading contribution (for large Ao) 


aru fiver ff + 23Go(u)? 'e) (a, [pl 


—S2r%Goo(u u,|p|)(f(u, [pl) + 1) dpdu 
x pe / (Vo)? — Io of ane : 
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where Jp is as in Theorem[0.2] 

If we choose Ag = /N/2 we get after a simple rescaling that the energy above 
is N7/5 times the right side of (10-4) (recall that ® was chosen as the minimizer). 
We also note that the expected number of particles is 


2n3 + Tr(y) = N + O(N), 


as N > oo. 

The only remaining problem is to show how a similar energy could be achieved 
with a wave function with a fixed number of particles N, i.e., how to show that we 
really have an upper bound on EON ). We indicate this fairly simple argument 
here. 

We construct a trial function W’ as above, but with an expected particle 
number N’ chosen appropriately close to, but slightly smaller than N. More pre- 
cisely, N’ will be smaller than N by an appropriate lower order correction. It is 
easy to see then that the mean deviation of the particle number distribution in 
the state W’ is lower order than N. In fact, it is of order JN ~ VN. Using that 
we have a good lower bound on the energy EQ) (n) for all n and that W’ is sharply 
localized around its mean particle number, we may, without changing the energy 
expectation significantly, replace Y’ by a normalized wave function V that only 
has particle numbers less than N. Since the function n Ee) (n) is a decreasing 
function we see that the energy expectation in the state W is, in fact, an upper 
bound to EN). 


10.5.2 The upper bound for the one-component gas 


The upper bound for the one-component gas is proved in a very similar way as for 
the two-component gas. We shall simply indicate the main differences here. We will 
again choose a trial state without a fixed particle number, i.e., a grand-canonical 
trial state. Since we know that the one-component gas has a thermodynamic limit 
and that there is equivalence of ensembles [LN], it makes no difference whether 
we choose a canonical or grand-canonical trial state. 

For the state ¢9 we now choose a normalized function with compact support 
in A, that is constant on the set {x € A | dist(x,0A) > r}. We shall choose r > 0 
to go to zero as L — oo. Let us also choose the constant n such that n¢2 = p on 
the set where ¢o is constant. Then n & pL. 


Let again ¢a, a = 1,... be an orthonormal family of real functions orthogonal 
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to do. As our trial state we choose, this time, 
* Aa * Ok 
Vv = Ife =f) exp(—23/2 + Apap — y aa; ) 0), (10.13) 


where a% is the creation of a particle in the state ¢,. We will choose WV implicitly 
by choosing the operator defined as in (I0.10). 
This time we obtain 


@ » el =n i (V0)? 
+3 ff it eT ly +} i. Iv hone one 


5 // (p — ws — d§¢0(x)”) |x — y|7* (0 — Py(y) — ASdo(y)”) dxdy 
AXxA 


+Tr (—pAy) + A2Tr (« (7 —-Vyyt D)) ; (10.14) 


where p,(x) = y(x,x) and K is again given as in (011). We must show that we 
can make choices such that the first four terms on the right side above are lower 
order than the energy, and can therefore be neglected. 

We choose 


ree eo F(IPI)P5, 1p) OplPs, ap, 
|p|>ep2/4 


where € > 0 is a parameter which we will let tend to 0 at the end of the calculation. 
Here Pe as before is the projection orthogonal to ¢o and this time 


1 p?+ 8rp-1p 
A= 3 | Sea ate 
p? (p! + 167py~1p) 


p(x) = Vnp exp(ip : x)do(x)- 


Note that np~'¢o(x)? is 1 on most of A. We then again have the Berezin-Lieb 
inequality as before. We also find that 


and 


p(x) = (2m) / sepia {(tPl apne Mol)? (1+ O(e-te-/4E-1)) 


= Ac(o/u)*/*np*¢o(x)? (1+ O(e10-M4E-4), 
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where A, is an explicit function of «. We now choose Xo such that AZ = n(1 — 
A-p~'/4 4-3/4), ie., such that 


X95 (x) + Py(x) = ndo(x)?(1 + O(e* p77 L)) = p. 


It is easy to see that the first term in (10.14) is of order pL3(rL)~! and the fourth 
term in is of order PL°(e~? + pr?). We may choose r, depending on L, 


in such a way that after dividing by PL? and letting L — oo only the error e~? 


remains. This allows choosing « < p~'/8. 


To estimate the second term in (10.14) we use Hardy’s inequality to deduce 


2 
// aad dxdy < 2(tr?)"/? tr(—Ay?)¥/?, 


and these terms can be easily estimated using the Berezin-Lieb inequality in the 
direction opposite from before, since we are interested now in an upper bound. 
The third term in (10.14) is controlled in exactly the same way as the second term. 
We are then left with the last two terms in (10.14). They are treated in exactly the 
same way as for the two-component gas again using the Berezin-Lieb inequality. 


Chapter 11 


Bose-Einstein Quantum Phase 
Transition in an Optical Lattice 


Model 


11.1 Introduction 


One of the most remarkable recent developments in the study of ultracold Bose 
gases is the observation of a reversible transition from a Bose-Einstein condensate 
to a state composed of localized atoms as the strength of a periodic, optical trap- 
ping potential is varied [G2][G3]. This is an example of a quantum phase transition 
[Sa] where quantum fluctuations and correlations rather than energy-entropy com- 
petition is the driving force and its theoretical understanding is quite challenging. 
The model usually considered for describing this phenomenon is the Bose-Hubbard 
model and the transition is interpreted as a transition between a superfluid and a 
Mott insulator that was studied in with an application to He* in porous 
media in mind. The possibility of applying this scheme to gases of alkali atoms in 
optical traps was first realized in BCGZ]. The article reviews these devel- 
opments and many recent papers, e.g., [AA] 
are devoted to this topic. These papers contain also further references to earlier 
work along these lines. 

The investigations of the phase transition in the Bose-Hubbard model are 
mostly based on variational or numerical methods and the signal of the phase 
transition is usually taken to be that an ansatz with a sharp particle number at 
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each lattice site leads to a lower energy than a delocalized Bogoliubov state. On 
the other hand, there exists no rigorous proof, so far, that the true ground state 
of the model has off-diagonal long range order at one end of the parameter regime 
that disappears at the other end. In this chapter, which is based on the paper 
[ALSSY], we study a slightly different model where just this phenomenon can be 
rigorously proved and which, at the same time, captures the salient features of the 
experimental situation. 

Physically, we are dealing with a trapped Bose gas with short range inter- 
action like in Chapters [8] The model we discuss, however, is not a continuum 
model but rather a lattice gas, i.e., the particles are confined to move on a d- 
dimensional, hypercubic lattice and the kinetic energy is given by the discrete 
Laplacian. Moreover, when discussing BEC, it is convenient not to fix the particle 
number but to work in a grand-canonical ensemble. The chemical potential is fixed 
in such a way that the average particle number equals half the number of lattice 
sites, i.e., we consider half filling. (This restriction is dictated by our method of 
proof.) The optical lattice is modeled by a periodic, one-body potential. In exper- 
iments the gas is enclosed in an additional trap potential that is slowly varying on 
the scale of the optical lattice but we neglect here the inhomogeneity due to such 
a potential and consider instead the thermodynamic limit. 

In terms of bosonic creation and annihilation operators, ai, and a,, our 
Hamiltonian is expressed as 


=-4 (ahay + A011, ) + ASS (-1)*al.a,, + us” alo(ata.—1). (11.1) 
(xy) x x 


The sites x are in a cube A C Z4 with opposite sides identified (i.e., a d-dimensional 
torus) and (xy) stands for pairs of nearest neighbors. Units are chosen such that 
Wim 1, 

The first term in is the discrete Laplacian 7.) (ak — a},)(a, — ay) 
minus 2d >>, ala,, ie., we have subtracted a chemical potential that equals d. 

The optical lattice gives rise to a potential A(—1)* which alternates in sign 
between the A and B sublattices of even and odd sites. The inter-atomic on-site 
repulsion is U, but we consider here only the case of a hard core interaction, i.e., 
U =o. If \=0 but U < co we have the Bose-Hubbard model. Then all sites are 
equivalent and the lattice represents the attractive sites of the optical lattice. In 
our case the adjustable parameter is A instead of U and for large \ the atoms will 
try to localize on the B sublattice. The Hamiltonian (TJ) conserves the particle 
number N and it can be shown that, for U = co, the lowest energy is obtained 
uniquely for N = s|Al, i.e., half the number of lattice sites. Because of the periodic 
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potential the unit cell in this model consists of two lattice sites, so that we have 
on average one particle per unit cell. This corresponds, physically, to filling factor 
1 in the Bose-Hubbard model. 

In contrast to the previous chapters we no longer restrict our attention to 
the ground state of the system but consider more generally thermal equilibrium 
states at some nonnegative temperature T’. These states are described by the Gibbs 
density matrices Z~'exp(—GH) with Z the normalization factor (partition func- 
tion) and G = 1/T the inverse temperature. Units are chosen so that Boltzmann’s 
constant equals 1. The thermal expectation value of some observable O will be 
denoted by (O) = Z~! tr O exp(—GH). 

Our main results about this model can be summarized as follows: 


1. If T and X are both small, there is Bose-Einstein condensation. In this pa- 
rameter regime the one-body density matrix y(x,y) = (akay) has exactly 
one large eigenvalue (in the thermodynamic limit), and the corresponding 
condensate wave function is ¢(x) =constant. 


2. Ifeither T or X is big enough, then the one-body density matrix decays expo- 
nentially with the distance |x — y|, and hence there is no BEC. In particular, 
this applies to the ground state T’ = 0 for \ big enough, where the system is 
in a Mott insulator phase. 


3. The Mott insulator phase is characterized by a gap, i.e., a jump in the chemi- 
cal potential. We are able to prove this, at half-filling, in the region described 
in item 2 above. More precisely, there is a cusp in the dependence of the 
ground state energy on the number of particles; adding or removing one par- 
ticle costs a non-zero amount of energy. We also show that there is no such 
gap whenever there is BEC. 


4. The interparticle interaction is essential for items 2 and 3. Non-interacting 
bosons always display BEC for low, but positive T (depending on A, of 
course). 


5. For all T > 0 and all A > 0 the diagonal part of the one-body density matrix 
(al.a,.) (the one-particle density) is not constant. Its value on the A sublattice 
is constant, but strictly less than its constant value on the B sublattice and 
this discrepancy survives in the thermodynamic limit. In contrast, in the 
regime mentioned in item 1, the off-diagonal long-range order is constant, 
ie., (ala) © o(x)¢(y)* for large |x — y| with (x) =constant. 


Because of the hard-core interaction between the particles, there is at most 
one particle at each site and our Hamiltonian (with U = oo) thus acts on the 
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Figure 11.1: Schematic phase diagram at half-filling 


Hilbert space H = ®yca 
represented as 2 x 2 matrices with 


if 04 oa (2 2 4 a,( 1 0 
x Oe = i yt O 07 


for each x € A. More precisely, these matrices act on the tensor factor associated 


C?. The creation and annihilation operators can be 


with the site x while al, and a, act as the identity on the other factors in the 
Hilbert space H = @y¢, C’. 


The Hamiltonian can alternatively be written in terms of the spin 1/2 oper- 


1/01 1/0 -i 1/1 0 
; es De iat iB; cok Sey 
#=5(4 5b) P=5(3 ale 5G.) 


The correspondence with the creation and annihilation operators is 


ators 


a= Si+is@=s!, o,=—Si-ist=s, 


and hence ala, = S23 + 4. (This is known as the Matsubara-Matsuda corre- 
spondence [MM].) Adding a convenient constant to make the periodic potential 
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positive, the Hamiltonian (LI) for U = co is thus equivalent to 


H = -45) (stsy +6757) +A5— [$+ (-1)*83] 
(xy) x 
= —) (S55) + S252) +57 [5 + (-1)*53). (11.2) 
(xy) x 


Without loss of generality we may assume \ > 0. This Hamiltonian is well known 
as a model for interacting spins, referred to as the XY model [DLS]. The last 
term has the interpretation of a staggered magnetic field. We note that BEC 
for the lattice gas is equivalent to off-diagonal long range order for the 1- and 
2-components of the spins. 


The Hamiltonian ([-3) is clearly invariant under simultaneous rotations of 
all the spins around the 3-axis. In particle language this is the U(1) gauge sym- 
metry associated with particle number conservation of the Hamiltonian ([LJ). 
Off-diagonal long range order (or, equivalently, BEC) implies that this symmetry 
is spontaneously broken in the state under consideration.! It is notoriously diffi- 
cult to prove such symmetry breaking for systems with a continuous symmetry. 
One of the few available techniques is that of reflection positivity (and the closely 
related property of Gaussian domination) and fortunately it can be applied to our 
system. For this, however, the hard core and half-filling conditions are essential 
because they imply a particle-hole symmetry that is crucial for the proofs to work. 
Naturally, BEC is expected to occur at other fillings, but no one has so far found a 
way to prove condensation (or, equivalently, long-range order in an antiferromag- 
net with continuous symmetry) without using reflection positivity and infrared 
bounds, and these require the additional symmetry. 


Reflection positivity was first formulated by K. Osterwalder and R. Schrader 
[OS] in the context of relativistic quantum field theory. Later, J. Frohlich, B. Simon 
and T. Spencer used the concept to prove the existence of a phase transition for 
a classical spin model with a continuous symmetry [FSS], and E. Lieb and J. 
Frohlich as well as F. Dyson, E. Lieb and B. Simon applied it for the 
analysis of quantum spin systems. The proof of off-diagonal long range order for the 
Hamiltonian (11.2) (for small A) given here is based on appropriate modifications 
of the arguments in [DLS]. 


See the discussion at the end of Appendix] 
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11.2 Reflection Positivity 


In the present context reflection positivity means the following. We divide the 
torus A into two congruent parts, A, and Ar, by cutting it with a hyperplane 
orthogonal to one of the d directions. (For this we assume that the side length of 
A is even.) This induces a factorization of the Hilbert space, H = Hr ®@ Hr, with 


(a= "CO. C. 


xE€ALR 


There is a natural identification between a site x € Ay and its mirror image 
dx € Ag. If F is an operator on H = Hy we define its reflection 6F as an 
operator on HR in the following way. If F = Fy operates non-trivially only on one 
site, x € Az, we define 6F = VF»,V' where V denotes the unitary particle-hole 
transformation or, in the spin language, rotation by a around the 1-axis. This 
definition extends in an obvious way to products of operators on single sites and 
then, by linearity, to arbitrary operators on Hy. Reflection positivity of a state 
(-) means that 

(FOF) >0 (11.3) 


for any F operating on Hy. Here F is the complex conjugate of the operator F 
in the matrix representation defined above, i.e., defined by the basis where the 
operators $3 are diagonal. 

We now show that reflection positivity holds for any thermal equilibrium 
state of our Hamiltonian. We can write the Hamiltonian (11.2) as 


H=H,+Hra-4 >— (SiS, +5, S$), (11.4) 
(xy)EM 


where Hy, and Hp act non-trivially only on Hy and Hr, respectively. Here, M 
denotes the set of bonds going from the left sublattice to the right sublattice. 
(Because of the periodic boundary condition these include the bonds that connect 
the right boundary with the left boundary.) Note that Hr = 0H, and 


Sts> + sr St) = stost + Sz0Sz). 
y y 


(xy)EM (xy)EM 


For these properties it is essential that we included the unitary particle-hole trans- 
formation V in the definition of the reflection 6. For reflection positivity it is also 
important that all operators appearing in H ([L4) have a real matrix representa- 
tion. Moreover, the minus sign in ([1.4) is essential. 
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Using the Trotter product formula, we have 
tr FOFe °# = lim tr FOF Z, 


with 


n 


Z, = |e~nP Ht ge- nA Ht 1+ £ [stost + szesz 11. 
€ € | TT ( + 5 [SEOSE + Sz 082)] (11.5) 
xy 


Observe that Z,, is a sum of terms of the form 
[],A:0A;, (11.6) 


with A; given by either e~ #8 or y/ £ st or 4/ £82. All the A; are real matrices, 
and therefore 


try FOFT],Ai0A; = try, FT,Ai 9 FIL: =|tru, FT[,Ai|?>0. (11.7) 


Hence tr FOF Z,, is a sum of non-negative terms and therefore non-negative. This 
proves our assertion. 


11.3 Proof of BEC for Small \ and 7 


The main tool in our proof of BEC are infrared bounds. More precisely, for p € A* 
(the dual lattice of A), let S# = |A|~!/? >, S# exp(ip - x) denote the Fourier 
transform of the spin operators. We claim that 


sis Tens T 
1 1 
tt 
(S52) 2B, (11.8) 


with Ep = — cos(p;)). Here, p; denotes the components of p, and (, ) 
denotes the Duhamel two point function at temperature T’, defined by 


1 
(A, B) = i tr (Ae PH Be CPs) ds/tre~P# (11.9) 
0 


for any pair of operators A and B. Because of invariance under rotations around 
the S3 axis, is equally true with $1 replaced by $7, of course. 

The crucial lemma (Gaussian domination) is the following. Define, for a com- 
plex valued function h on the bonds (xy) in A, 


Z(h) = trexp[—8K(h)], (11.10) 
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with K(h) the modified Hamiltonian 


K(h) = > (Sd - Sy — hay)” + (Sz — S$ —Tow)”) +0 EE + (-D*83]. 
(xy) x 


(11.11) 
Note that for h = 0, K(h) agrees with the Hamiltonian H, because (S*)? = 0. 
We claim that, for any real valued h, 


Z(h) < Z(0). (11.12) 


The infrared bound then follows from d?Z(ch) /de?|-<o < 0, taking hxy = exp(ip- 
x)—exp(ip-y). This is not a real function, though, but the negativity of the (reall!) 
quadratic form d?Z(eh)/de?|-9 for real h implies negativity also for complex- 
valued h. 

The proof of ((L.T2) is very similar to the proof of the reflection positivity 
property ([1.3) given above. It follows along the same lines as in [DLS], but we 
repeat it here for convenience of the reader. 

The intuition behind (LLT2) is the following. First, in maximizing 7(h) one 
can restrict to gradients, i.e., hxy = — ne for some function hy on A. (This 
follows from stationarity of Z(h) at a maximizer hyax).) Reflection positivity im- 
plies that (AOB) defines a scalar product on operators on Hz, and hence there 
is a corresponding Schwarz inequality. Moreover, since reflection positivity holds 
for reflections across any hyperplane, one arrives at the so-called chessboard in- 
equality, which is simply a version of Schwarz’s inequality for multiple reflections 
across different hyperplanes. Such a chessboard estimate implies that in order to 
maximize Z(h) it is best to choose the function hy to be constant. In the case of 
classical spin systems [FSS], this intuition can be turned into a complete proof of 
(11.12). Because of non-commutativity of K(h) with K(0) = H, this is not possi- 
ble in the quantum case. However, one can proceed by using the Trotter formula 
as follows. 

Let Amax be a function that maximizes Z(h) for real valued h. If there is 
more than one maximizer, we choose hmax to be one that vanishes on the largest 
number of bonds. We then have to show that actually hax = 0. If hmax # 0, we 
draw a hyperplane such that hxy 4 0 for at least one pair (xy) crossing the plane. 
We can again write 


K(h) = Ki(h) + Kah) +5 SD (St — 85 — hay)? + (Sz — SH hay)?) 
(xy)€M 
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Using the Trotter formula, we have Z(h) = limn—oo An, with 


Om = tr |e PKE/me“BKn/n TT eo B(Sz —Sy hay)? /4n 6 B(Sy — Sy hay)? /4n 


(xy)EM 
(11.14) 


For any matrix, we can write 
er = (4ny¥ f dk kD e—k/4, (11.15) 
R 


If we apply this to the last two factors in ([L14), and note that S; = 0S; if 
(xy) € M. Denoting by xj,...,x, the points on the left side of the bonds in M, 
we have that 


be (any f Ph ty [eWAHt/ng- BR n/ngtha SS, —53,)8°/2/2n1/ 7 
Rent 
en B/4g— ihr he, 0x, 8/2 /2n/?... (11.16) 


Here we denote k? = 5~k? for short. Since matrices on the right of MM commute 
with matrices on the left, and since all matrices in question are real, we see that 
the trace in the integrand above can be written as 


tr [es PAR sen ts | tr ae eco [os (11.17) 


Using the Schwarz inequality for the k integration, and ‘undoing’ the above step, 
we see that 


|on|? z (camy-m 2p ek /4 
R2nl 


x tr fer PR es FOR es ae La 7 ) 


x (nym lb eH /A4 
R2nl 


sete [e~A9R n/m e- BK n/m gta Si, 083, 02/20? 7 ] ) (11.18) 


In terms of the partition function Z(h), this means that 
|Z(Amax)|? < Z(A™)Z(h), (11.19) 


where h“) and hi?)) are obtained from hyax by reflection across M in the following 
way: 
hxy if x,y AL 
rh =4¢ hoxey if x,y € Ar (11.20) 
0 if (xy) © M 
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and h'?) is given by the same expression, interchanging L and R. Therefore also h\ 
and hh?) must be maximizers of Z(h). However, one of them will contain strictly 
more zeros than hmax, since hax does not vanish identically for bonds crossing 
M. This contradicts our assumption that Amax contains the maximal number of 
zeros among all maximizers of Z(h). Hence hmax = 0 identically. This completes 


the proof of ([LT2). 


The next step is to transfer the upper bound on the Duhamel two point func- 
tion (LL8) into an upper bound on the thermal expectation value. This involves 
convexity arguments and estimations of double commutators like in Section 3 in 
[DLS]. For this purpose, we have to evaluate the double commutators 


(Ses [H, ial + [S2, [H, f= =“ = (H — SAA] +2 X S33 cos p - (x — y)). 


(11.21) 
Let Cp denote the expectation value of this last expression, 


CaS), (ie) (se ae 


The positivity of Cp can be seen from an eigenfunction-expansion of the trace. 
From Corollary 3.2 and Theorem 3.2] and (LL8) we infer that 


sal, ae 1 /C, 
(SpS2p + 5p 52p) <5 B, oth PCpEp/4. (11.22) 


Using cotha < 1+ 1/z and Schwarz’s inequality, we obtain for the sum over all 
p # 0, 
1 1 1 1 \1/2 1/2 
1a G2 G2 
eat = 6 t s(iz) (NG). 2128) 
p40 p40 P p40 P p40 


We have )’ ca» Cp = —2(H) + AlAl, which can be bounded from above using the 
following lower bound on the Hamiltonian: 


1/2 


A 
H> = [d(d+1)+4\7] “+ SAA. (11.24) 


This inequality follows from the fact that the lowest eigenvalue of 
1 2d 
1 1 2 2 3 
5x . S. 58 a8 ot ee (11.25) 


is Eg by —4[d(d + 1) + sate This can be shown exactly in the same way as 
Theorem C.1]. Since the Hamiltonian H can be written as a sum of terms 
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like (1.25), with y; the nearest neighbors of x, we get from this fact the lower 
bound ([1:24). 


With the aid of the sum rule 


wa Re A 
DS iss8 pF eee) = a 
peA* 


(which follows from ($1)? = ($2)? = 1/4), we obtain from (TL.23) and (11.24) the 
following lower bound in the thermodynamic limit: 


qi, ry (SBS + 5858) 
> 5-5 (Flat 1 +4] ex) Fea, (11.26) 
with cq given by i ; 
Ca = aor | Pz (11.27) 


This is our final result. Note that cg is finite for d > 3. Hence the right side of 
(L126) is positive, for large enough , as long as 
wie oie d(d+ 1) 
Cy 4 

In d = 3, cz © 0.505 [DES], and hence this condition is fulfilled for 4 < 0.960. 
In it was also shown that dcg is monotone decreasing in d, which implies a 
similar result for all d > 3. 

The connection with BEC is as follows. Since H is real, also y(x,y) is real 
and we have 

V(x, ¥) = (SESZ) = (S55, + S255). 


Hence, if yp = |A|~!/? denotes the constant function, 
(polvl¢o) = (Soo + S956), 


and thus the bound (L126) implies that the largest eigenvalue of y(x, y) is bounded 
from below by the right side of (11.26). In addition one can show that the infrared 
bounds imply that there is at most one large eigenvalue (of the order |A|), and that 
the corresponding eigenvector (the ‘condensate wave function’) is strictly constant 
in the thermodynamic limit [ALSSY]. The constancy of the condensate wave func- 
tion is surprising and is not expected to hold for densities different from 4, where 
particle-hole symmetry is absent. In contrast to the condensate wave function the 
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particle density shows the staggering of the periodic potential Thm. 3}. 
It also contrasts with the situation for zero interparticle interaction, as discussed 
at the end of this chapter. 


In the BEC phase there is no gap for adding particles beyond half filling (in 
the thermodynamic limit): The ground state energy, Ex, for $|A| + k particles 


satisfies 
(const. ) 


|A| 


(with a constant that depends on k but not on |A|.) The proof of is by a 
variational calculation, with a trial state of the form (Sg )*|0), where |0) denotes 


O< Ex-Eo< 


(11.28) 


the absolute ground state, i.e., the ground state for half filling. (This is the unique 
ground state of the Hamiltonian, as can be shown using reflection positivity. See 
Appendix A in [ALSSY].) Also, in the thermodynamic limit, the energy per site 
for a given density, e(@), satisfies 


e(o) — e($) < const. (o — 4)’. (11.29) 


Thus there is no cusp at 9 = 1/2. To show this, one takes a trial state of the form 
Ivy) = ef Ex Se (62 + £)I0). (11.30) 


The motivation is the following: we take the ground state and first project onto 
a given direction of $+ on some site y. If there is long-range order, this should 
imply that essentially all the spins point in this direction now. Then we rotate 
slightly around the S?-axis. The particle number should then go up by e|AJ, but 
the energy only by €?|A|. We refer to Sect. IV] for the details. 

The absence of a gap in the case of BEC is not surprising, since a gap is 
characteristic for a Mott insulator state. We show the occurrence of a gap, for 
large enough A, in the next section. 


11.4 Absence of BEC and Mott Insulator Phase 


The main results of this section are the following: If either 
e \>0and T > d/(21n2), or 


e T >0and > 0 such that +4 Je(A)| > d, with e(A) = ground state energy 
per site, 
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then there is exponential decay of correlations: 
(x,y) < (const.) exp(—K|x — y]) (11.31) 


with « > 0. Moreover, for T = 0, the ground state energy in a sector of fixed 
particle number N = $|A| +k, denoted by Eg, satisfies 


Ey, + E-~ — 2Eo = (A + le(A)| — d)|RI- (11.32) 


Le, for large enough 4 the chemical potential has a jump at half filling. 
The derivation of these two properties is based on a path integral represen- 
tation of the equilibrium state at temperature 7’, and of the ground state which 
is obtained in the limit T — oo. density matrix. The analysis starts from the ob- 
servation that the density operator e~°” has non-negative matrix elements in the 
basis in which {$3} are diagonal, i.e. of states with specified particle occupation 
numbers. It is convenient to focus on the dynamics of the ‘quasi-particles’ which 
are defined so that the presence of one at a site x signifies a deviation there from 
the occupation state which minimizes the potential-energy. Since the Hamiltonian 
is H = Hj) + AW, with Ho the hopping term in ((L2) and W the staggered field, 
we define the quasi-particle number operators nx as: 
alax for x even 


(11.33) 


Me = $+(-1)*82 = 
aay es 1—ala, for x odd 


Thus nx = 1 means presence of a particle if x is on the A sublattice (potential 
maximum) and absence if x is on the B sublattice (potential minimum). 

The collection of the joint eigenstates of the occupation numbers, {|{nx})}, 
provides a convenient basis for the Hilbert space. The functional integral repre- 
sentation of ({nx}|e~ 240+») |{n,.}) involves an integral over configurations of 
quasi-particle loops in a space x time for which the (imaginary) ‘time’ corresponds 
to a variable with period @. The fact that the integral is over a positive measure 
facilitates the applicability of statistical-mechanics intuition and tools. One finds 
that the quasi-particles are suppressed by the potential energy, but favored by the 
entropy, which enters this picture due to the presence of the hopping term in H. 
At large \, the potential suppression causes localization: long ‘quasi-particle’ loops 
are rare, and the amplitude for long paths decays exponentially in the distance, 
both for paths which may occur spontaneously and for paths whose presence is 
forced through the insertion of sources, i.e., particle creation and annihilation op- 
erators. Localization is also caused by high temperature, since the requirement of 
periodicity implies that at any site which participates in a loop there should be at 
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least two jumps during the short ‘time’ interval [0, 3) and the amplitude for even 
a single jump is small, of order (. 
The path integral described above is obtained through the Dyson expansion 


el(AtB) — et B(tm) +++ B(t1)dty +++ dtm (11.34) 


a eee 


for any matrices A and B and t > 0, with B(t) = e~'4Be'4. (The m = 0 term in 
the sum is interpreted here as 1.) 

In evaluating the matrix elements of e~8% = e—S(#o+AW). in the basis 
{|{nx})}, we note that W is diagonal and ({nx}|Ho|{n{,}) are non-zero only if the 
configurations {nx} and {n{,} differ at exactly one nearest neighbor pair of sites 
where the change corresponds to either a creation of a pair of quasi-particles or 
the annihilation of such a pair. Le., the matrix elements is zero unless nx = ni 
for all x except for a nearest neighbor pair (xy), where nx = ny, n, = ny, and 
nx + ni, = 1. In this case, the matrix element equals —1/2. 

Introducing intermediate states, the partition function can thus be written 
as follows: 

oo 


» 


Hn? }), 1<i<m 


x exp (— SG _ ti-1) L> nf) dt, ons -dtm 
t=1 x 


x(-1)™ {nH Hol {nS }) nk” } | Hol {ner }) 
x ({ne"Y } | Hol {ner }) «(nF Holl {m\}) (11.38) 


eee 


m=0 


with the interpretation to = t,, — @. Note that the factor in the last two lines of 
(11-35) equals (1/2) if adjacent elements in the sequence of configurations {nk 2 
differ by exactly one quasi-particle pair, otherwise it is zero. 
Expansions of this type are explained more fully in [AN]. A compact way of 
writing (11.35) is: 
tre PH = [ vGdeye, (11.36) 
Here the ‘path’ w stands for a set of disjoint oriented loops in the ‘space-time’ 


A x [0,8], with periodic boundary conditions in ‘time’. Each w is parametrized 
by a number of jumps, m, jumping times 0 < t) < te <-+--<tm < G, anda 


sequence of configurations {nv ny which is determined by the initial configuration 
{ny plus a sequence of ‘rungs’ connecting nearest neighbor sites, depicting the 
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creation or annihilation of a pair of neighboring quasi-particles (see Fig. [[1.2). As 
in Feynman’s picture of QED, it is convenient to regard such an event as a jump 
of the quasi-particle, at which its time-orientation is also reversed. The length of 
w, denoted by |w|, is the sum of the vertical lengths of the loops. The measure 
v(dw) is determined by (1135); namely, for a given sequence of configurations 
{nO}, 1<i<™m, the integration takes places over the times of the jumps, with 
a measure (1/2) dt, ---dtm. 


One may note that the measure v(dw) corresponds to a Poisson process of 
random configurations of oriented ‘rungs’, linking neighboring sites at random 
times, and signifying either the creation or the annihilation of a pair of quasi- 
particles. The matrix element ({nx}|e~°”|{n,}) gets no contribution from rung 
configurations that are inconsistent, either internally or with the boundary condi- 
tions corresponding to the specified state vectors. A consistent configuration yields 
a family of non-overlapping loops which describe the motion of the quasi-particles 
in the ‘space-time’ A x [0,3). Each such configuration contributes with weight 
ell to the above matrix element (another positive factor was absorbed in the 
measure u(dw)). One may note that long paths are suppressed in the integral 
at a rate which increases with .. 


0 
A B A B A B A B A 


Figure 11.2: Loop gas describing paths of quasi-particles for particle number N = 
|A|/2—1. A line on an A site means presence of a particle, while on a B site it 


means absence. The horizontal rungs correspond to hopping of a particle. 
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Likewise, for x 4 y, we can write 
tr ataye PF -| v(dw)e "#1, (11.37) 
Aly) 


where A%¥) denotes the set of all loops that, besides disjoint closed loops, contain 
one curve which avoids all the loops and connects x and y at time zero. The one- 
particle density matrix can thus be written 


_ Lite’ v(dw)el+! 


V(x, y) = ~ fu(dwjeeT (11.38) 


For an upper bound, we can drop the condition in the numerator that the 
loops and the curve from x to y do not intersect. The resulting measure space is 
simply a Cartesian product of the measure space appearing in the denominator 
and the space of all curves, ¢, connecting x and y, both at time 0. Denoting the 
latter by B(x, y), we thus get the upper bound 


v(x,y) < I <r (11.39) 
xy 


The integral over paths is convergent if either A or T is small enough, and 
away from the convergence threshold the resulting amplitude decays exponentially. 
A natural random walk estimate, see Lemma 4], leads to the claimed 
exponential bound provided 


d(1—e"™) <X. (11.40) 


This includes, in particular, the cases T > d for any A, and A > d for any T. 
Exponential decay actually holds for the larger range of parameters where 


d(1—e 8D) <d~f, (11.41) 


where f = f(@,\) = —(G|A|)~! Intre~*" is the free energy per site. Note that f < 
0. This condition can be obtained by a more elaborate estimate than the one used 
in obtaining ([1.39) from ((1-38), as shown in [ALSSY] Lemma 3]. The argument 
there uses reflection positivity of the measure v(dw). Using simple bounds on f 
one can then obtain from the conditions stated in the beginning of this 
section. 


The proof of the energy gap is based on an estimate for the ratio MS er 


where P;, projects onto states in Fock space with particle number N = 4A +k, 
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expressing numerator and denominator in terms of path integrals. The integral 
for the numerator is over configurations w with a non-trivial winding number k. 
Each such configuration includes a collection of ‘non-contractible’ loops with total 
length at least 3|k|. An estimate of the relative weight of such loops yields the 
bound 


tr P,e 87 i || 
ee -)({AI/|B)!#1 (et Const 8) 11.42 
— oo < (const. )(JAI/lRI)!! (e (11.42) 
which gives for G — oo 
Ex — Eo > const. |k| (11.43) 


independently of |A|. We refer to for details. 


11.5 The Non-Interacting Gas 


The interparticle interaction is essential for the existence of a Mott insulator phase 
for large A. In case of absence of the hard-core interaction, there is BEC for any 
density and any at low enough temperature (for d > 3). To see this, we have 
to calculate the spectrum of the one-particle Hamiltonian —$A + V(x), where 
A denotes the discrete Laplacian and V(x) = A(—1)*. The spectrum can be 
easily obtained by noting that V anticommutes with the off-diagonal part of the 
Laplacian, i.e., {V, A + 2d} = 0. Hence 


(-JA-d+ V0)" = (-4A-d? 4, (11.4) 


so the spectrum is given by 


d+ 4/ (32, cosp;)? + 2, (11.45) 


where p € A*. In particular, E(p) — E(0) ~ 4d(d? + ?)~1/?|p/? for small |p|, and 
hence there is BEC for low enough temperature. Note that the condensate wave 
function is of course not constant in this case, but rather given by the eigenfunction 
corresponding to the lowest eigenvalue of —5A + \(—1)*. 


11.6 Conclusion 


In this chapter a lattice model is studied, which is similar to the usual Bose- 
Hubbard model and which describes the transition between Bose-Einstein conden- 
sation and a Mott insulator state as the strength A of an optical lattice potential 
is increased. While the model is not soluble in the usual sense, it is possible to 
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prove rigorously all the essential features that are observed experimentally. These 
include the existence of BEC for small \ and its suppression for large A, which is 
a localization phenomenon depending heavily on the fact that the Bose particles 
interact with each other. The Mott insulator regime is characterized by a gap in 
the chemical potential, which does not exist in the BEC phase and for which the 
interaction is also essential. It is possible to derive bounds on the critical \ as a 
function of temperature. 


Chapter 12 


New Developments 


In this chapter, we give a brief description of new results that have been obtained 
since the publication of these lecture notes. 


e Rotating Bose Gases. As already noted at the end of Chapter [JJ it has re- 
cently been shown in that the Gross-Pitaevskii equation also cor- 
rectly describes dilute, trapped Bose gases subject to rotation. In particular, 
Eq. holds for any rotation speed y, not only for small y. For vy large 
enough, the GP minimizer is in general not unique, however, due to the ap- 
pearance of quantized vortices. Eq. therefore has to be replaced by 
a more complicated expression, stating that the one-particle density matrix 
7 can, in general, be expressed as a convex combination of projections onto 
minimizers of the GP functional. 


e Ground State Energy of Dilute Fermi Gases. In ChaptersB]and[] the ground 
state energy of a dilute Bose gas in three and two dimensions, respectively, 
has been estimated. The analogous result for gases of fermions has now been 
obtained in [ESS]. In the three-dimensional case, it says that 


tre 2 ea 3 + dna (1 2 ~) rere, (12.1) 


in the fermionic case. Here, g denotes the number of internal degrees of 
freedom of the particles; e.g., g = 2 for spin 1/2 fermions. The first term in 
(12-7) is just the ground state energy of a non-interacting Fermi gas. The 
first correction term looks the same as in the bosonic case, except for the 
factor (1 — 1/q), which results from the fact that effectively only fermions in 
different spin states interact with each other (to leading order in the density). 
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e Dilute Fermi Gases at Positive Temperature. Most of the results discussed 


in these notes are on the ground state of various models of quantum gases, 
ie., on the zero temperature states. Actual physical experiments are always 
carried out at non-zero temperature, and it is hence desirable to generalize 
some of the results to the case of positive temperature. In the fermionic 
case, this has been achieved in [Se6]. More precisely, an analogue of ([2.1) 
concerning the free energy of a dilute Fermi gas at positive temperature T has 
been obtained. There is now an additional length scale in the problem, namely 
the thermal wavelength ~ T~'/?. One is interested in the case a < p-!/3 ~ 
T~'/?; i.e., one considers a dilute gas with a? < 1, and temperatures of the 


order of the Fermi temperature, which is ~ p?/°. 


Dilute Bose Gases at Positive Temperature. In the case of a dilute Bose gas, 
the analogue of Theorem 2.3] at positive temperature T has recently been 
obtained in [Se7]. I-e., a lower bound was derived on the free energy of a dilute 
Bose gas. The leading order correction as compared with the expression for 
non-interacting particles is of the form 


A4nap (2—[1— pe(T)/pl]>) - (12.2) 


Here, pe(T’) = const. T?/? denotes the critical density for Bose-Einstein con- 
densation (for the non-interacting gas), and [-], denotes the positive part. 
Note that below the critical density (or, equivalently, above the critical tem- 
perature), the leading order correction is 87ap, as compared with 47ap at 
zero temperature. The additional factor 2 is an exchange effect; heuristi- 
cally speaking, it is a result of the symmetrization of the wave functions. 
This symmetrization only plays a role if the particles are in different one- 
particle states, which they mostly are above the critical temperature. Below 
the critical temperature, however, a macroscopic number of particles occu- 
pies the zero-momentum state; there is no exchange effect among these par- 
ticles, which explains the subtraction of the square of the condensate density 


[ep — pc(T)]+ in (22). 


Appendix A 


Elements of Bogoliubov Theory 


This appendix is Section 2 of the 1965 review article [L3], with minor modifications. 
Unlike the rest of these notes, this appendix is not mathematically rigorous, but it 
is important because it shows what is widely believed to be the case about the low 
end of the spectrum of the Hamiltonian Hy — even if it cannot be proved. It is 
also a heuristic guide to thinking about Bose gases. 

In the forty years since the appearance of the review article the Bogoliubou 
model has been extensively studied; an account of many of these developments can 
be found in the comprehensive article [ZB]. 


Almost all work in the field of interacting Bose gases has its genesis in Bo- 
goliubov’s 1947 paper and we shall begin with a brief summary of its main 
features. His theory is important because it set us on the right track. But of equal 
importance is understanding, with a little hindsight, the failures of the theory, for 
its success led to a regrettable tendency to take its predictions as gospel. More- 
over, like many great approximation schemes in mathematical physics, the first 
order approximation is qualitatively correct in a certain regime (weak coupling). 
Attempts to push out of this regime through higher approximations have led to 
great difficulties. Having learned the predictions of the theory, therefore, we should 
be prepared to have to seek a new method in order to understand intermediate 
and strong coupling. 

The basic Hamiltonian H of the problem is 


| 
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wherein v is the two-body potential (no one has yet considered systems with 
more—body forces), x; is the coordinate of the i” particle, and N is the number of 
bosons. The potential v is necessarily symmetric (i.e., u(x) = v(—x)), but it is not 
necessary that it be spherically symmetric, although this assumption is generally 
made. The scene of action is a box of volume V = L x L x L and p = N/V is 
the density of particles. We are interested in the bulk limit: N — oo with p = 
constant. 

The first question that arises is that of boundary conditions, and this is 
intimately connected with the question of extensivity (or saturation in the termi- 
nology of nuclear physics). The ground state energy, Eo, is said to be extensive if 
it is of the form Eo = Nx function of p. Similarly, extensivity is defined for the 
free energy, F', at some non-zero temperature. The system is said to be extensive 
if both Eo and F are. Unfortunately, necessary and sufficient conditions on v that 
the system be extensive are far from known, but one can prove extensivity for a 
wide class of potentials. For some of these, in turn, one can further show that Eo 
and F' are independent of boundary conditions (to leading order in N), provided 
they are fixed homogeneous conditions. We shall assume that our v is of this kind 
and shall use periodic boundary conditions which, while they may be somewhat 
unphysical, are mathematically most convenient. They state that if W(x1,...,x~) 
be an eigenfunction of H and if x; (for all 7) be on the wall of the box (so that 
x; = (x,y, 0) for example), then the value of 7) on the opposite wall (x; = (x,y, L)) 
must be the same as on the first wall. This is to be true for all values of x; (k 4 7), 
and a similar condition is imposed on the normal derivative of w. 

Periodic conditions can always be imposed, but they become useful only if H 
can be periodically extended to all of space. This in turn requires that v(x — x2) 
be periodic in x; and x2, which means, in effect, that v must depend upon L. Thus, 
the one-dimensional potential v(#2 — 21) = exp(—y|x2 — £1) is not periodic for x1 


and x2 in (0, L), but it can be replaced by exp(—7y|x2—21|) +exp(—yL+ 9|22—-21|) 
which is periodic in this region. It can then be periodically extended to all of space 
and one can show that the addition to v will not affect Eo or F in the bulk limit. 

The virtue of having H periodic is that one can trivially show that (x + a) 
is an eigenfunction with the same energy as w (by this we mean that any constant 
vector a is added to all coordinates). Since all irreducible representations of the 
translation group are one-dimensional, every eigenfunction can be chosen to have 
a constant total momentum, i.e., 


Py = -in(> v.] wv = pw (A.2) 
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where p is a real vector. Another advantage is that for x; and x2 in V, the potential 
can be written as 


v(x2 — x1) = V1 SY > v(k)ele Gem) (A.3) 
k 


where the k are vectors of the form (27/L)(n1, 2,13), (the n; are integers). The 
point here is that any potential can always be written as a double Fourier series, 
but the series is diagonal as in (4.3) only when v is periodic. The Fourier transform 
is given by 


v(he) = ff u(aje trax. (A.4) 


Now the essence of the Bogoliubov method is that we go into momentum 
space. To do this we define 


elles skew) = ff diay + ff adsww(ors.--.2¢n)exr( i ki) (A.5a) 


N 
(X1,...,%N) = V8 Soll kw) exp (-1 x) (A.5b) 


ki kn 


and the equation Hw = Ew becomes 


N 

[a] eC, ---skn) + /2¥) > las ks +B, 

i=l p i#j 

.ky —p,...,.kw)(p) = Be(ka,...,kw) (46) 


where e(k) = (h?/2m)k?. 

Since we are interested in bosons we require solutions, y, to which are 
symmetric in k;,...,ky. Since y is symmetric, the sums on i and i # j in 
are to some extent repetitive and it is convenient to introduce a device to handle 
automatically the factors of N, ie ), ete. that will continually appear on the left 
hand side of (A.6). 

The device used is to introduce boson creation and annihilation operators. 
But we wish to emphasize strongly that they are not essential to the theory. They 
are merely a convenient bookkeeping device. For every k one introduces a creation 
operator at and its Hermitian conjugate (the annihilation operator) a, which 
satisfy the following commutation rules: 


[ax, a] = 0 = [af a] 
[ar ae] = bhe,k (A.7) 
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The 6 is a Kronecker delta since the k’s are discrete. A vacuum state |0) in a 
Hilbert space is also introduced such that 


ax|0)=0 (for all k). (A.8) 


One can show that the state |0) is essentially unique and that any state in the 
Hilbert space is a sum of products of various a!’s acting on the vacuum. Next one 
defines an isomorphism between the functions y and states V in the Hilbert space 
as follows: 


W=S>-- So v(ki,... Kwak, ++ af, |0). (A.9) 
kn k) 


Using it is easy to see that knowing W one can find y, so that the correspon- 
dence is indeed one to one. It is then slightly tedious, but simple, to show that if 
y satisfied then W satisfies 


HV = {YS e(k)ajax + (1/2V) S> ak, pal, pandg v(p) p Y= EV. (A.10) 
k k,q,p 


Equation (A.LQ) is the starting point for Bogoliubov’s approximation. 


Before proceeding it is well to keep in mind certain properties of the a,’s. 
We define the total number operator 


n= >- aka, (A.11) 
k 


and the total momentum operator 


P=h)_ kajax. (A.12) 
k 


These commute with H and when acting on WU yield N and p respectively. 

Now, consider the state a,W. This state has particle number N — 1 and 
momentum p—/ik. We can go back through and and ask what function 
this corresponds to in configuration space. The result is 


N : 
ay => 4/ | W(x1,... xy eK Bxy : (A.13) 
V 


Likewise, the state aly has N +1 particles and momentum p+Ak. It corresponds 
to 


av (A.14) 


1 : 
Tara ere) 
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where the sum is on N + 1 similar terms. 
It is also convenient to define density operators which are generalizations of 


(ATi), namely 
p(k) = S- Bical : (A.15) 
q 


it conserves particle number and increases the momentum by an amount /ik. Its 
effect in configuration space is given by using and and is 


N 
p(k) => | Sek | W(x1,...,xy). (A.16) 


fel 


We shall have occasion to use the relations (A.13) to later. 

Returning to (A.10), the reason for going into momentum space is the fol- 
lowing: If there were no interaction then Vo = (N!)!/2(ab)%|0) would be the 
normalized ground state with energy zero. The interaction v has the property 
that it converts a pair of particles with momenta p and q into a pair with mo- 
menta p+k and q—k. The matrix element is (1/2V)v(k). Starting with all NV 
particles having momentum zero (so-called condensed state), we would first get 
(N — 2) with momentum zero, together with one pair having momenta k and 
—k. When the potential is applied again we could get two possibilities: one would 
be two pairs k, —k and q, —q; the other would be a genuine triplet k,q,r, such 
that k+q+r= 0. But the probability of the former relative to the latter would 
be (N — 2)(.N — 3)/4 because there are (N — 1) particles with zero momentum 
and only 2 with non-zero momentum. Applying v over and over again we will 
ultimately get a finite fraction of triplets, quartets, etc. as well as pairs, but hope- 
fully if the interaction is weak enough we need consider explicitly only pairs in 
the ground state wave function. Stating this more precisely, we suppose that to a 
good approximation Wg is a sum of terms each of which contains several factors 
like ne as well as aj, acting on |0). 

Another way of motivating this ansatz is to note that in the non-interacting 
ground state n, = (a\.ax) = Nox,o, that is to say all the particles are condensed. 
With a weak interaction we suppose that no/N is still a number of order unity 
and that the remaining fractions are largely grouped into pairs, for it is only pairs 
that can give rise to triplets. The idea that no/N is of order unity is called the 
condensation hypothesis. It need not be true for sufficiently strong interaction and 
we remark that Girardeau has generalized this concept somewhat. 

If © as given by (A9) has only pairs (more precisely, for every al withk 40, 
there is an al.) then only certain parts of H result in pair functions when applied 
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to W. There are three possibilities as far as the interaction is concerned: The first 
is when all indices are zero, giving (a},)2(ao)?; the second is when two indices are 
zero, giving (a},)2aKa_ or al.al (ao)? or al a\a_nao; the third is when no indices 
are zero, giving al gataxd—k or af at akag. Collecting together all such parts of H 
we derive the pair Hamiltonian, 


ie = S(N — 1)pv(0) + > [e(k) + (1/V)Nov(k)] Nx 
k 


+ (1/2V) }>'v(k) [akao + abox| (A.17) 
k 


+(1/2V) S- ‘v(k) [ot ag—k + Nq-«Na| 
k,q 


where a, = axa_z, Ne = al ax and the prime on the summation means we delete 
the terms k = 0 and/or q = 0 as well as the term q = k in the double summation 
(note that No and ag are operators). In deriving we used the fact that 
nu=NW. 

It is important to note that Hpair has a double significance. On the one hand 
if we can diagonalize it we should have a good approximation to the ground state 
and low lying states of the system for the reasons mentioned above. On the other 
hand we have seen that if we take the expectation value of the total H with respect 
to any state having only pairs then Hpair is the only part of H that contributes 
to the final result. Hence, from the variational theorem, the exact ground state 
energy, Eo,pair, Of Hpair is a true upper bound to the ground state energy, Eo, of 
H. Moreover, any variational upper bound to Eo pair is thus an upper bound to 
Eo. It turns out that Eo pair can indeed be found if one is prepared to solve a finite 
set of non-linear integral equations. This can be done in certain limiting cases and 
has been exploited by Girardeau and Arnowitt, [GA] [Gi4] [Gis]. 

Basically, what permits us to find the ground state energy of in the 
bulk limit, as well as the free energy for non-zero temperature, is the following 
observation. What we have in are bilinear forms in operators whose expec- 
tation values we believe to be extensive. Consider, for instance 


/ / 

3a (3 'v0.No 
qa k#q 

The operator in parenthesis (call it Fy) we believe has an expectation value of 

order N (call it N fq). The root-mean-square fluctuation of Fy in the ground state 

ought to be of order VN, and if so, replacing F by Nf in (A.17) should make 
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no difference to the energy to order N. It is possible to make this argument more 
precise by formally expanding the operators about their mean 
values in a power series in N~!. The difficulty is that no one has shown that these 
series converge and they might well not. Nevertheless, the energy (or free energy) 
obtained under the assumption can be shown to be a genuine variational energy 
and so is a true upper bound. 

Having replaced Fg by N fg we do the same thing with the term correspond- 
ing to Qg—x, No, A and al. We are then left with a Hamiltonian involving only 
quadratic expressions in the a’s and a'’s. This can be diagonalized in the standard 
way. The ground state wave function will then depend upon the c-numbers fg, 
etc. as parameters. We then adjust these parameters so that the expectation value 
of Fg is indeed N fg, etc. This leads to integral equations and it is clear that what 
we have really done is a self-consistent field calculation that we hope is rigorously 
correct in the bulk limit. 

There is, however, still one difficulty which we have glossed over. If we replace 
Qo by a cnumber then the expression al. ag will no longer conserve particles 
because al. always creates two particles. Another way of saying this is that the 
expectation value of ag in the true ground state is, strictly speaking, zero. There 
are two ways around this difficulty. The first is the method used by Bogoliubov, 
namely to introduce a chemical potential. We write 


/ 


pair — pair — Bi), 


: (A.18) 
(or H’ = H — pn). 


We then diagonalize H' 


pair by replacing ao, etc. by cnumbers and in addition to 
the above consistency conditions we choose u by requiring that (N) = N in the 
ground state. To calculate the free energy we must use a grand-canonical ensemble. 
This method can be justified to the same extent as in the above discussion. In the 
second method [Gi5][KB] we redefine operators so that particles are conserved even 
after the c-number substitution. Following Kromminga and Bolsterli we introduce 
operators bk = ab(No + 1)-'/?a, and their conjugates. It is then easy to show 
that bjbg = aaq (all k,q) and that bd, = anal, (if k 4 0 and q # O and 
if this operator does not act on a state with No = 0). An annoying operator 
such as a}.ao is then equal to bb! .(No(No — 1))!/? on any state. Also axal, = 
(No(No — 1))'/?b_b_x and af a = bib! gbib—.- In addition one easily proves that 
the b’s satisfy the same commutation relations as the a’s (provided k 4 0) 
and also the b’s conserve particle number (i.e., they commute with NV). Thus either 
pair or H may be rewritten in terms of the b’s which behave just like the a’s except 


that now any c-number substitution will automatically preserve particle number. 
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All the sums explicitly exclude k = 0, so the only way in which ag and al, appear 
in the new Hamiltonian is through No. But No may be eliminated in favor of b’s 
by the relation 


No=N-)~ alae =N—S~'bhdy. 


Now the particle number appears explicitly in H, which it did not before (although 
it did appear in Hpair), and a term such as No, becomes now a quartic form in 
the b’s. 

This is a neat trick to overcome the problem of particle conservation that 
plagued previous authors (such as Bogoliubov). It obviates the need for lengthy 
(and unrigorous) arguments that method gives the correct answer in the 
bulk limit. Needless to say, however, in every calculation anyone has ever done, 
the more cumbersome method 2 does indeed give the same result as method 1 and 
we shall therefore use the latter. 

Bogoliubov did not actually use Hpair. He made a further simplification which 
consisted in deleting the last sum in on the grounds that these terms are 
quadratic pair operators and so may be expected to be small in comparison with 
the first two sums. This omission unfortunately destroys the bounding property 
of the Hamiltonian, but it does turn out that for sufficiently weak interaction 
Bogoliubov’s ground state energy is indeed an upper bound to Ep as was to be 
expected. To that extent his simplification is justified. 

We begin by replacing No, ao and al, by a (common) c-number, No. For 
weak interaction we expect this number to be close to N, and indeed it turns out 
to be so. The correction, N — No, (the so-called ground state depletion) gives a 
higher order contribution to Eg — a correction which is of the same order as that 
caused by the neglected quartic terms. Since the qualitative results do not depend 
upon the ground state depletion effect, we shall simply take No to be N. We thus 
have Bogoliubov’s Hamiltonian (replacing N — 1 by N in the bulk limit): 


Hp= 5Nov(0) + SS (soho. + 59k) (axa + at al) , (A.19) 
k 


where 


a 
tay 
| 


e(k) + pv(k) (A.20) 


1 Subsequently, Ginibre proved that one can replace ap and at everywhere in H by the c- 
number No without making an error in the ground state energy/particle in the thermodynamic 


limit. A simpler and more general version of this result can be found in Appendix [D] 
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This Hamiltonian is a quadratic form in the a’s and may be diagonalized in the 
usual way. The transformation that accomplishes this is exp (iS), where 


1 ! 
iS = 5 » (alal — ax_k) w(k), (A.21) 
so that 
ax — by = el axe! = ay cosh w(k) — aly sinh ¢(k) . (A.22) 
If we now choose 
tanh 2u(Ik) = g(Ik)/ (x) (A.28) 
then 
Hp ~ Hy = SNov(0) — 5 D> f(ke) — (Fk)? — 9(h9?)"? 
7 (A.24a) 
+ > bhdxe'(k), 
k 
where 
é'(k) = [e(k)? + 2e(Kk) pv(k)]/?. (A.24b) 


Notice that this transformation is impossible unless |g| < |f|. It is also necessary 
that f(k) > 0 for all k. Unless these two conditions are fulfilled the Hamiltonian 
has no ground state and it would then be unphysical. This means that v(k) cannot 
be too negative (attractive), but it can be as repulsive as we please. 

Now let us consider the implications of (A.24). Since the b’s are bosons, the 
ground state wave function is given by WG, the vacuum of the b’s, i.e., 


bb, =0 allk#O. (A.25) 


The ground state energy is then simply 


Ey = 4Npv(0) — N(4n?p)~* 7 * dk (Ik) + pu(k) — (e(k)? + 2e(k)pv(k)) /7}, 


where we have gone to the bulk limit by replacing 


S> by (L/2n)? f ax, 
k 


and have further assumed that the problem is spherically symmetric. At first sight 
it appears that the second term in is order p—', thereby violating our 
intuition that it should be small for low density. This is not so because as p > 0 


166 Appendix A. Elements of Bogoliubov Theory 


the integrand itself vanishes. To see what happens let us assume that v(k) goes to 
zero for large k faster than k~!. Let us rewrite the integral in as follows: 
[= TI + Ig where 


i= | k?dk{a?k? + pv(k) — (atk* + 2a7k? pv(k)) Ua oe pu(k)? /207k?} 
0 


and 2 
b= p?/2a? | v(k)?dk (A.27) 
0 


where a? = h?/2m. The integral Jz certainly converges. In J, the integrand goes 
to zero faster than k~° and is absolutely convergent. We see that as p — 0 only 
very small & will play a role. Let us assume that v(k) is smooth for small k and 
that v(0) 4 0. We may then replace v(k) by v(0) everywhere and the integral is 
then elementary. 
Let us define 
ag = (8ma7)~11v(0) , 


and 
a, = —(2?)(8na2)~? fa v(k)?/k? . (A.28) 


The result for Ep is then 
Eo = 4nNp (hi? /2m)(ao + a1) + 40 N p (fi? /2m) (128/157) (p.az)'/?. (A.29) 


What is the significance of this result? If we had neglected the integral in 
we would have gotten Ey = 4Npv(0) = 4aN ph?(2m)~1ao. We may call this 
the zeroth order Bogoliubov approximation. But notice that it really does not 
depend upon Planck’s constant and the mass — a conclusion that is certainly 
meaningless because if the mass were infinite Ey would be equal to the minimum 
potential energy which is not necessarily Npv(0). The integral term comes to the 
rescue, however. We had naively expected it to contribute a higher power of the 
density than p, but it in fact contributed a term of the same order as the zeroth 
approximation — namely pa;. This term now truly depends on a?. If we look a 
little closer we notice that ag + a, are just the first two terms in the Born series 
for the scattering length. That is to say, if we consider the zero—energy scattering 
equation 


-a? (Vi a V3) + v(x1 - X2) w(x1 — X2) =0, (A.30) 


the asymptotic behavior of w is w(x1 — x2) ~ 1 — a/|x, — x2|. The quantity 
a is defined to be the scattering length. (From (A.30), it is also given by a = 
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(87a?)~! [ v(x)y(x)d*x).) We therefore suspect, despite what we had originally 
thought, that Bogoliubov’s method is really an expansion in the density and in 
the potential v. It is not truly a low density expansion unless the potential is very 
weak. This idea has been confirmed by doing perturbation theory on the parts 
of H not included in (A.19), using our wave function previously found as the 
starting point. It is indeed true that higher order corrections give contributions 
proportional to p. They can be recognized as constituting the full Born series for 
the scattering length. Likewise, the second term in (A.19) (which came from [,) 
looks like it is the beginning of a similar series. Hence we are tempted to write 


Eo = (1? /2m)4nNpaf 1 + (128/157) (pa?) '/? +... \ (A.31) 


and presumably we now have the beginning of a genuine series in the density alone. 
Nevertheless, it is important to note that what started out to be a very 
reasonable hypothesis — the pair approximation — is invalid as a density expansion. 
Even the full pair Hamiltonian will not give [Gil]. The trouble was 
that we had thought we were making some sort of cluster expansion as one does 
in classical statistical mechanics. This may be a reasonable thing to do, but it is 
essential that we treat the two-body interaction fully and completely, and this 
cannot be done very easily by perturbation theory. We shall discuss this matter 
more fully later but for the present let us make some attempt to justify (A.31). 
The expression for Eo has not yet been proved to be correct. But it 
is very reasonable. For one thing the first term is simply the number of pairs of 
particles, 4N (N — 1), times the ground state energy of two particles in a large 
box, a?87a/V.? The second term is harder to understand. There is no analogue of 
it for two particles and it is clearly some sort of quantum-mechanical correlation 


effect. Nevertheless, if the true second order term in the density is of the form p?/? 


given by it must, for dimensional reasons, be proportional to a (length)°/?. 
But the only relevant length at low energy is the scattering length. 

Having considered the ground state energy let us return to the second term 
in (A.24). Apart from the fact that ¢’ is different from ¢, this spectrum of Hz is 
the same as for the original Hamiltonian without interaction. Any number, n, of 
bosons (or phonons) of any momentum k can be excited independently of each 
other with energy ne’(k). The important difference is that for low momentum 
e(k) is proportional to k?, whereas ¢/(k) = [2a?pv(0)|'/?|k|. This new spectrum is 
definitely phonon-like (without an energy gap) and we expect that it is associated 


?This is discussed in ChapterP]in connection with Eq. (13). 
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with sound propagation. If so, the velocity of sound would be 
v5 = im (1/hk)e/(k) = (py(0)/m)"/? = (h/m) (Ap a0)? (A.32) 


We can check this result by using the fundamental definition of the velocity of 
sound in terms of the compressibility, 


1/2 
Us fm (9/9) #°8/9 0 Eo/*)| ; 


Using this gives 


1/2 
Us =h/m [Area + a1) + 64p ag (x pai)” : (A.33) 


There is agreement between (A.33) and and we are led to surmise as before 
that the correct expression to the first two orders in the density is 


a 1/2 
Us =h/m [ar pa(t + (16/m)(m pa®)) : (A.34) 


It is interesting to note that the expression (A.33), obtained from Eo, is more 
accurate than obtained from the phonon spectrum. This is curious since 
we would have expected that whatever accuracy was inherent in Hp, it should be 
the same for e’(k) as for Ep. 

Another important feature of the boson type spectrum that we have obtained 
is that while there may be something qualitatively correct about it, it is much too 
simple to be taken literally. It is hardly to be expected that the spectroscopy 
of the true spectrum will fall into a pattern associated with independent normal 
modes. It must be more complicated and indeed higher order perturbation the- 
ory indicates that the phonons interact with one another. There are two ways to 
describe this state of affairs. The usual way is to say that the interaction causes 
the phonons to decay with a finite lifetime. The second way is to say that the 
unitary transformation leading to the b_’s was only a partial diagonalization of 
the full Hamiltonian which must always have real eigenvalues since it is Hermitian. 
In other words the true energy spectrum and eigenfunctions are simply more com- 
plicated than we have so far envisaged. Still, the independent phonon idea may be 
justified provided we do not excite too many of them — this would be true at low 
temperature. 

We might, however, anticipate a difficulty of another sort. The Bogoliubov 
approximation is essentially perturbation theory, albeit of a sophisticated sort, 
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because it assumes that the system does not change drastically when we switch 
on the interaction. Were it otherwise Hg could not be justified. It is generally 
held that if we imagine u(x) to be proportional to a coupling constant A, then 
after passing to the bulk limit there will be an analytic singularity in \ (in Eo(A) 
for example) at A = 0. A Bose gas with an interaction, however weak, may be 
qualitatively different from the non-interacting gas. If this is so then we might 
expect new types of normal modes (or phonons) that have no counterpart for free 
bosons. Indeed, when we examine a one-dimensional model later we shall see that 
to the extent that the spectrum is phonon like, it can best be described by two 
separate e(k) curves, not one. 


Where might this second phonon spectrum come from? In the Bogoliubov 
ground state most of the particles are still condensed at k = 0 and there is a small 
(but non-zero) background of particles with k 4 0. The Bogoliubov phonons are 
qualitatively the same as the free “phonons”; particles are excited out of k = 0 sea. 
The renormalized energy ¢«’ comes about because the k = 0 background now has 
to readjust itself. It is quite possible that there is another type of excitation which 
would be associated directly with excitation of the k # 0 background. Similar 
suggestions have been made before (see ). 


A physical reason for the possibility of another spectrum is the critical veloc- 
ity failure of current theory. Some time ago Landau gave an argument to account 
for superfluidity based on the phonon hypothesis. Suppose one has a mass, M, of 
fluid moving with velocity v and momentum P = Mv. Let us suppose that in the 
rest system of the fluid it is in its ground state and hence has momentum equal 
to zero. In the laboratory system the fluid will have energy E, = Eo + P?/2M. 
If the fluid interacts with the walls of the channel in which it is moving it must 
lose energy and momentum, so that its energy is now FE, — A and its momentum 
is P — 0. If we make a Galilean transformation with velocity —v, the energy will 
be Ey — A+ dv and the momentum will be —d. Now consider the e'(k) curve. It is 
presumably possible to draw a straight line é’’(k) = sk such that e” is just tangent 
to, and otherwise always under, e’(k) (we could not do this for free bosons unless 
s were to be zero). This line defines a velocity v. = s/h. In order to impart mo- 
mentum 6 to the system the energy must therefore increase at least by an amount 
v-0. In the above example, however, the energy increased by an amount less than 
vd. The conclusion is that if the velocity of the fluid is less than v,, the fluid will 
not be able to lose any momentum to the walls of the channel, and hence it will 
display superfluid behavior. 


We would expect from the Bogoliubov solution that v, should be of the order 
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of magnitude of the sound velocity. Experimentally, v. is found to be very much 
less than v,, and it is also found to depend sensitively on the diameter of the 
channel — especially for very narrow channels. It is clear that another type of 
excitation, with an energy much less than that given by (A.24b), could account 
for the discrepancy. Indeed, we will find such a spectrum in the one-dimensional 
model to be analyzed later. 

Finally, we wish to emphasize another important feature of Bogoliubov’s 
analysis, namely that the excitation spectrum is intimately connected with the 
ground state wave function. This fact is important because it shows that calcu- 
lating the ground state energy is not merely an academic exercise. Although Eo 
is a rather unimportant number (it can be measured, however) it is manifestly 
clear that we cannot really hope to be able to predict the dynamics of this com- 
plicated system unless we are in a position to calculate the much simpler quantity, 
Eo, along with some of the important properties of the ground state, such as the 
two-particle correlation function which we shall discuss later. 

We shall write down the Bogoliubov wave function Uj = e~'5 Wo. S$ is given 
by (4.21), but that expression is needlessly complicated because it contains axa__ 
which vanishes when applied to |0). A little algebra will show that 


U5 = =exp {>> hl h(k Jalal ‘py 0 (A.35) 
where ; 
_ 2 1/2 
hk) = sa { 100) ~ (409? ~ att)"”*} nae 
14 


= =5 — 5(0r(k)) (c(ls) - (9) 
In (4.35) the state U4 is not normalized, and Wo means the free particle ground 
state, ie., (ab) |0). The difficulty with 4, of course, is that it does not have a 
definite particle number. One way to fix this would be to replace the a‘’s by the 
Kromminga, Bolsterli b'’s. This would not alter Ep. A simpler procedure would 


1/2 


be to multiply each at by N~*/*ag. If we then write out the first few terms in 


we get 
vw}, =(ah) 0) a A(k)al a! , (ah )*—?\0) 


a q)aj.at Tygalal. t any” 10) (A.37) 


In essence, (A.37) may be taken as the statement of the Bogoliubov ansatz, just 
as much as (A.19), for the most general wave function we could construct would 
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be 
W = (ah) |0) +N D> h® (k)aat , (ah)? |0) 
k 
/ 
+ NYT AO (b, g)a, 054" g(40)" 10) 
k,q (A.38) 


/ 
+N?/2)S~ bY (k,q, p)ajalatal (ah) 410) 
k,q,p 


(Notice that there can be no linear term because of momentum conservation.) 
The quadratic term in (4.37) is quite general, but (A.37) has no triplet or other 
odd power terms. Also the quartic term is of a very special kind. The Bogoliubov 


ansatz is that 
h (kg, Pp) = dpyxh (k)h)(q) , (A.39) 


and so on for succeeding even powers. We could just as well have derived the 
Bogoliubov results by starting with instead of with Hg in (A.19). 


Appendix B 


An Exactly Soluble Model 


This appendix is taken from Section 5 of {L3], which summarizes the papers 
Li}. Until recently this model was just an amusing exercise, but it now appears 
that it is possible to produce a one-dimensional gas like this in the laboratory 
and the experimental results agree, so far, with the rigorous calculations on the 
model. In Chapter] we show how this one-dimensional model emerges from. three- 


dimensional models when the trap is long compared to its width. 


With various approximation schemes before us, it would certainly be ad- 
vantageous to have at least one problem of the type that can be solved 
exactly. We should then be able to verify whether or not the previously mentioned 
qualitative ideas are correct. 

Such model problem is the one-dimensional Bose gas with a pair-wise re- 
pulsive 5-function potential ({EE) (EI). Using units in which h?/2m = 1, the 
Schrodinger equation is 


N 
—) 0 8? /Oa} + 2c 5% 4(a; — 23) 9 = Ey. (B.1) 
i=1 i<j 

Hence 2c > 0 is the amplitude of the 6—-function. If L is the length of the line then 
p = N/L. It is well known that a d—-function potential is equivalent to the following 
boundary conditions whenever any two particles touch each other (irrespective of 
the value of the remaining N — 2 coordinates): 


(0/0x; — 0/02) Vln, 0+ — (0/0x; — 0/Or%)V\_,—-0- = 2cy)|z,=2, - (B.2) 
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We also note that we are seeking symmetric solutions to and hence if we 
know wy in Ry, 
Ry: 0< a, <-++-< ay < LD, (B.3) 


we know w everywhere by symmetric extension. Thus our equations become 


N 
{- Ye joe) vy = Ey inside Ry (B.4) 
i=l 
(0/Ox541 = 0/825) V\nj..=0+ = CPlasp1=a; 7 (B.5) 


Moreover, the original periodic boundary conditions can be interpreted as 


W(0,@2,...,¢n) = W(ae,...,2n,L) 


(B.6) 
0/0x W(x, £2, eee ,tN)le=0 = 0/0x (x2, ea ,tn, 2)|e—1 : 
To solve these equations, consider the function 
p(x1,...,¢n) = Det| exp(ik;x;)| (B.7) 


where ki,...,ky = {k} are any set of N distinct numbers. Now define w by 


b = | [(0/dx; — 8/2; + og. (B.8) 


j>t 


It is readily verified that w satisfies automatically, as well as with 
N 
B=) Rk. (B.9) 
i=1 


It is which determines the numbers {k} and it may be shown that this is 
equivalent to the N simultaneous equations 


N 
(—1)*~? exp(—ik,L) = exp ps O(ks — i) ‘ (B.10) 
s=l1 
where 
6(k) = —2tan~1(k/c), —I<O<T for real k. (B.11) 


Equation may be rewritten as 
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for 7 = 1,...,N —1. Equation is N — 1 simultaneous equations for the 4;; 
when they are found, the individual k’s may be obtained from (B.10). The nj; in 
are integers, and it can be shown that for any choice of the n; such that all 
n; > 1 there is a solution to with real 6; > 0. Presumably these solutions 
are unique and are the only solutions to (B.1Q); at least this is true if N = 2. 
These n’s are therefore the quantum numbers of the system. 

If we pass now to the bulk limit, N — oo, the ground state will be obtained 
when all n; = 1, because this choice clearly minimizes (B-9). It may be verified 
that all the k’s must lie between —zp and mp, which means that the spacing 
between the k’s decreases as N — oo. If we set 


f(kj) = 1/6; (B.13) 


then Lf(k) = the number of k’s between & and k + dk. Furthermore, we denote 
by K the common value of ky and —k,. Using Poisson’s formula, may be 
converted into an integral equation: 


K 
2c [Foren / [2 + (p— ky] = 2r F(R) — 1, (B.14) 
with re 
/ fi dk=~p (B.15) 
_K 


being the condition that the total number of particles be N. This latter condition 
determines K. The ground state energy is then 


K 
Eo = (vio) f f(k)k? dk. (B.16) 


At this point it is convenient to introduce the dimensionless coupling constant 


y=c/p, (B.17) 
in terms of which we may write 
Eo = Np’e(y). (B.18) 


Equations (B.14) and (B.15) can easily be solved on a computer for all values 
of y > 0. Graphs for K(y7), e(y) and f(k,y) are given in Figures 1, 3 and 2 
respectively of reference [LI]. The results, briefly, are these: 
small y : e(y) = 7 — (4/3)y/? 
K(Q) =2p7'? (B.19) 
F(R.) = (Qmpy)* (Ap? — 7)? 
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largey: ey) = (n*7*)/3)(y +2)? 
K(y) = mpy(y +2)" (B.20) 
F(R, 1) = (7 + 2)/2r7. 

We may inquire how Bogoliubov’s theory fares for this problem. This theory 
yields for e(y) for all y, a result which is in fair agreement with the cor- 
rect e(y) up to y = 2 and then becomes quite useless. While the true e(7) is a 
monotonically increasing function of y, with an asymptotic value of 77/3, 
is actually negative for y > (37/4)?. 

When 7 is infinite, the wave functions, (B.8), are given by 


w = Det | exp(ikjz;)| (B.21) 


where each k; is of the form: 


k = (27/L) x (integer), (N odd) 


= (27/L) x (integer) + 7/L, (N even). (B.22) 


For the ground state the k’s run between —7 and 7p. Another way to express the 
ground state wo (for any NV) is to recognize as a Vandermonde determinant, 
whence 
bo = | [ sin(a|a; — 2|/L) (B.23) 
i<j 
for all values of the x; in (0, L). 

Turning now to the excitation spectrum, let us first consider the infinite 7 
case, where the k’s are given by (B.22). The spectrum will be recognized as the 
same as that of a one-component Fermi gas. 

An elementary excitation consists in increasing one of the momenta from 
q<K=7ptok>K. The energy is then 


e(k,q) =k? —q”, (B.24) 
and the momentum of the state is 
p(k,q) =k-q. (B.25) 


The difficulty with this description is that it is completely different from what we 
had been led to expect on the basis of the pair Hamiltonian calculation. For one 
thing there is no unique e(p) curve. For another, each excitation may take place 
only once, whereas a boson type excitation can be repeated as often as desired. 
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In order to make this spectrum appear boson-like, let us define two types of 
elementary excitations: for type I we increase ky from K to K + p (where p > 0). 
The momentum of the state is p and the energy is 


e1(p) = (K +p)? — K? = p? + 2app. (B.26) 


For type II we increase one of the momenta from K —p+27/L (where 0 < p< K) 
to K + 2n/L. Here the momentum is again p and 


€2(p) = 2mpp—p”. (B.27) 


A type II excitation is defined only for momentum less than zp. With this de- 
scription we have achieved our aim, but at the expense of introducing two e(p) 
curves. Any type I excitation can be repeated as often as desired providing we 
agree always to take the last available & less than K and increase it by p. Simi- 
larly, with the same proviso, a type II excitation is boson-like. In addition, both 
I and II excitations may occur simultaneously. In fact the excitation in (B.24) 
may be thought of as a simultaneous type I and II excitation with momenta p—k 
and K — q, respectively. It will be seen that provided we make a finite number of 
excitations by the above rule the energies and momenta will be additive to order 
1/N. Thus if we make n type I excitations with momenta pj,...,pn and m type 
II excitations with momenta q1,...,¢m, the energy as given by (B.26) and (B27) 
would be 


3 


E=} €1(p;) COE (B.28) 


Pj + S- qj - (B.29) 


Now if we examine the state we would obtain with these excitations we will find 
that the true energy of the state agrees with to order 1/N while the true 
momentum is exactly given by (B29). 

There is one caveat, however. In achieving this boson description of the excita- 
tions we have, in reality, counted each state twice. If the rules above are carefully 
examined it turns out that a state with n type I excitations with momentum 
p = 2nm/L is identical to the state with m type II excitations of momentum 
p = 2xn/L. The spectrum is therefore really much more complicated than we had 
imagined. If we give up the double spectrum point of view in order to avoid the 
double counting, then we would have to regard a type II excitation, for example, 
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as essentially an infinite number of type I excitations with vanishing small mo- 
mentum, 27/L. Not only is this unnatural, but the energy would then be given 
incorrectly. From we would conclude that €2(p) = 27pp, where as the 
correct expression is (B.27). 

When 7 is not infinite the same qualitative conclusions apply. It will be 
appreciated that increasing one of the k’s is the same as putting all but one of the 
n;’s in equal to unity. For a type I excitation the singular n is ny_, and 
this is set equal to gL /2r. For a type II excitation the singular n is one of the n,;’s 
(where N/2 < 7 < N —1) and this is set equal to 2. The difficulty with the finite 
7 case is that when the n’s are changed in this way all the k’s are shifted — not 
merely one of them. This shift can be computed from and one can again 
obtain two e(p) functions. The details are given in reference [LJ]. It is found that 
as y — 0, €1(p) — p? (the free boson function) while €2(p) — 0 for all p. But for 
every 7 there are always two e(p) curves. 

Bogoliubov’s theory, on the other hand, predicts only one e(p) curve: 


e(p) = p(p? + 4yp?)/?,  (Bogoliubov) . (B.30) 


It turns our that for small y, (B:30) is quite close to the true e;(p) (cf. Fig. 4 of 
Reference ). The €2(p) curve is entirely missing from Bogoliubov’s theory. 


Appendix C 


Definition and Properties of 
Scattering Length 


This appendix is from the paper \LY2) and is included here because the scattering 
length plays an important role in these notes and because it is not easy to find a 


rigorous definition in the textbooks. 


In this appendix we shall define and derive the scattering length and some 
of its properties. The reader is referred to [LLoj, especially chapters 9 and 11, for 
many of the concepts and facts we shall use here. 

We start with a potential v(x) that depends only on the radius, r = |x|, 
with x € R”. For simplicity, we assume that v has finite range; this condition can 
easily be relaxed, but we shall not do so here, except for a remark at the end that 
shows how to extend the concepts to infinite range, nonnegative potentials. Thus, 
we assume that 

u(r) =0 for r > Ro. (C.1) 


We decompose v into its positive and negative parts, v = v4—v_, with v4, v_ > 0, 


and assume the following for v_ only (with e > 0): 
D1(R') for'n = 1 
v_€ E*+*(R?) forn=2 (C.2) 
L/2(R") for n > 3. 


In fact, v can even be a finite, spherically symmetric measure, e.g., a sum of delta 


functions. 
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We also make the important assumption that u(x) has no negative energy 
bound states in L?(IR”), which is to say we assume that for all ¢ € H'(R”) (the 
space of L? functions with L? derivatives) 


i (uivoCo? + 52(3)]600)) ax >0. (C3) 


The scattering length is defined, of course, even when bound states are 
present, but it is not defined by the variational principle given below. 


Theorem C.1. Let R > Ro and let Bp C R” denote the ball {x : 0 < |x| < R} and 
Sr the sphere {x : |x| = R}. For f € H'(Br) we set 


Exldl =f (uivocg)? + 5uC0l69) ax. (C.) 


Then, in the subclass of functions such that d(x) = 1 for all x € Sr, there is a 
unique function do that minimizes Er|d]. This function is nonnegative and spher- 


ically symmetric, 1.e, 
o(x) = fo(|xl) (C.5) 


with a nonnegative function fo on the interval (0, Rl, and it satisfies the equation 


SNe a: 50(%)d0(%) = (C.6) 


in the sense of distributions on Br, with boundary condition fo(R) = 1. 
For Ro <r<R 


(r — a)/(R— a) forn=1 
fo(r) = fo"? (r) = 4 In(r/a)/In(R/a) for n = 2 (C.7) 
(1—ar?-")/(l1—aR?-") forn>3 


for some number a called the scattering length. 


The minimum value of Er|d] ts 


2u/(R—- a) forn=1 
E =< 2p /In(R/a) for n = 2 (C.8) 
2n”/? wa/(P(n/2)(1—aR2-")| for n > 3. 
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Remarks: 1. Given that the minimizer is spherically symmetric for every R, it is 
then easy to see that the R dependence is trivial. There is really one function, Fo, 
defined on all of the positive half axis, such that fo(r) = Fo(r)/Fo(R). That is why 
we did not bother to indicate the explicit dependence of fo on R. The reason is a 
simple one: If R> R, take the minimizer fo for R and replace its values for r << R 
by fo(r) fo(R), where fo is the minimizer for the Br problem. This substitution 
cannot increase €;. Thus, by uniqueness, we must have that fo(r) = fo(r)fo(R) 
forr < R. 


2. From we then see that fj"? (r) > 0 for all r > Ro, which implies 
that a < Ro forn <3 anda< Rj? for n > 3. 


3. According to our definition (C7), a has the dimension of a length only 
when n < 3. 


4. The variational principle (C4), allows us to discuss the connection 
between the scattering length and [ v. We recall Bogoliubov’s perturbation theory 
[Bo] [BZ], which says that to leading order in the density p, the energy per particle 
of a Bose gas is eg(p) ~ 2mp J v, whereas the correct formula in two-dimensions is 
Arpp|In(pa?)|~+. The Bogoliubov formula is an upper bound (for all p) since it is 
the expectation value of Hy in the non-interacting ground state V = 1. Thus, we 


|~' when pa? < 1, which suggests that 


Arp 
[. v> ay (C9) 


must have 4 fv > | In(pa?) 


Indeed, the truth of can be verified by using the function ¢(x) = 1 
as a trial function in (C4). Then, using (C8), 5 fv > E = 27p/In(R/a) for all 
R > Ro, which proves (C9). As a > 0, becomes an equality, however, in 
the sense that (fp2 v) In(Ro/a) > 4p. 

In the same way, we can derive the inequality of Spruch and Rosenberg 


Ar”/? ua 
i: v> TH/d) (C.10) 


(Here, we take the limit R — oo in (C8)). 
In one-dimension we obtain (with R = Ro) 


Au 
> ‘ C.11 
[ve a (C.11) 


for dimension 3 or more: 
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Proof of Theorem{[C.1} Given any ¢ € H'! we can replace it by the square root of 
the spherical average of |¢|?. This preserves the boundary condition at |x| = R, 
while the v term in (C.4) is unchanged. It also lowers the gradient term in (C.4) 
because the map p+ {(V,./p)? is convex [LEo). Indeed, there is a strict decrease 
unless ¢ is already spherically symmetric and nonnegative. 

Thus, without loss of generality, we may consider only nonnegative, spher- 
ically symmetric functions. We may also assume that in the annular region 
A= {x : Ro < |x| < R} there is some a such that is true because 
these are the only spherically symmetric, harmonic functions in A. If we substi- 
tute for ¢ the harmonic function in A that agrees with ¢ at |x| = Ro and |x| = 1 
we will lower Ep unless ¢ is already harmonic in A. (We allow the possibility a = 0 
for n < 2, meaning that ¢ = constant.) 

Next, we note that Er|¢] is bounded below. If it were not bounded then (with 
R fixed) we could find a sequence ¢/ such that Er(¢’) + —oo. However, if h is a 
smooth function on Ry with h(r) =1 for r << R+1 and h(r) =0 forr > 2R+1 
then the function 7(x) = ¢/(x) for |x| < R and @/(x) = h(|x|) for |x| > Risa 
legitimate variational function for the L?(R") problem in (C.3). It is easy to see 
that Ep[d/] < Ep[d] + (const) R"-2, and this contradicts (recall that R is 
fixed). 

Now we take a minimizing sequence ¢ for Ep and corresponding oo as above. 
By the assumptions on v_ we can see that the kinetic energy T? = [ |V¢’|? and 
f|@7|2 are bounded. We can then find a subsequence of the ¢ that converges 
weakly in H! to some spherically symmetric oo(x) = fo(|xl). Correspondingly, 
¢) (x) converges weakly in H'(Br) to ¢0(x) = fo(|x|). The important point is 
that the term -f v_|d’|? is weakly continuous while the term [ v+|d’|? is weakly 
lower continuous [ELo]. We also note that fo(R) = 1 since the functions oo are 
identically equal to 1 for R < |x| < R+1 and the limit oo is continuous away 
from the origin since it is spherically symmetric and in H!. 

Thus, the limit function ¢o is a minimizer for €[¢] under the condition ¢ = 1 
on Sp. Since it is a minimizer, it must be harmonic in A, so (C7) is true. Eq. (C6) 
is standard and is obtained by replacing ¢o0 by ¢o + dv, where w is any infinitely 
differentiable function that is zero for |x| > R. The first variation in 6 gives (C6). 

Eq. is obtained by using integration by parts to compute Ep|do]. 

The uniqueness of the minimizer can be proved in two ways. One way is 
to note that if d9 4 Wo are two minimizers then, by the convexity noted above, 
Ern| G2 + va] < Er[oo] + Evo]. The second way is to notice that all minimizers 
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satisfy (C.6), which is a linear, ordinary differential equation for fg on (0, R) since 
all minimizers are spherically symmetric, as we noted. But the solution of such 


equations, given the value at the end points, is unique. 


We thus see that if the Schrédinger operator on R” with potential 4v(x) 
has no negative energy bound state then the scattering length in (CZ) is well 
defined by a variational principle. Our next task is to find some properties of the 
minimizer ¢9. For this purpose we shall henceforth assume that v is nonnegative, 
which guarantees (C.3), of course. 


Lemma C.2. [fv is nonnegative then for all0 <r < R the minimizer ¢o(x) = 
fo(|x|) satisfies 
A) 
fo(r) 2 for"? (r); (C.12) 


where fj"? is given in (C7) 

B) fo(r) is a monotonically nondecreasing function of r. 

C) If u(r) > or) > 0 for all r then the corresponding minimizers satisfy 
for) < fo(r) for all r < R. Hence, a>@> 0. 


Proof. Let us define f5°"™"?(r) for all0 <r < co by (C7), and let us extend fo(r) 
to all 0 <r < oo by setting fo(r) = for? (r) when r > R. 

To prove A) Note that —Ag¢p = —tvdo, which implies that @o is subharmonic 
(we use v > 0 and ¢o > 0, by Theorem[C]). Set he(r) = fo(r) —(A +e) fo P(r) 
with ¢ > 0 and small. Obviously, x +» h-(|x|) is subharmonic on the open set 
{x : 0 < |x| < oo} because f§*”"P(|x|) is harmonic there. Clearly, he + —oo as 
r — oo and h-(R) = —e. Suppose that is false at some radius p < R and 
that ho(p) = —c < 0. In the annulus p < r < oo, h,(r) has its maximum on the 
boundary, i.e., either at p or at oo (since h(|x|) is subharmonic in x ). By choosing 
é sufficiently small and positive we can have that h-(p) < —2e and this contradicts 
the fact that the maximum (which is at least —e ) is on the boundary. 

B) is proved by noting (by subharmonicity again) that the maximum of fo 
in (0,7) occurs on the boundary, i-e., fo(r) > fo(r’) for any r’ <r. 

C) is proved by studying the function g = fo — fo: Since fo and re are 
continuous, the falsity of C) implies the existence some open subset, Q C Br on 
which g(|x|) > 0. On © we have that g(|x|) is subharmonic (because vf > 7 fo). 
Hence, its maximum occurs on the boundary, but g = 0 there. This contradicts 
g(|x|) > 0 on ©. 
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Remark about infinite range potentials: If u(r) is infinite range and nonnegative it 
is easy to extend the definition of the scattering length under the assumptions: 

1) v(r) > 0 for all r and 

2) For some Ri we have f u(r)r"—1 dr < oo. 

If we cut off the potential at some point Ro > Rj (i.e., set v(r) = 0 for r > Ro) 
then the scattering length is well defined but it will depend on Ro, of course. Denote 
it by a(Ro). By part C of Lemma (C2), a(Ro) is an increasing function of Ro. 
However, the bounds (C.9) and (C10) and assumption 2) above guarantee that 
a(Ro) is bounded above. (More precisely, we need a simple modification of (C29) 
and to the potential U(r) = co for r < R, and U(r) = v(r) for r > Ry. 
This is accomplished by replacing the ‘trial function’ f(x) = 1 by a smooth radial 
function that equals 0 for r < R; and equals 1 for r > Ry for some Ry > Rj.) 
Thus, a is well defined by 

a= lim a(Ro). (C.13) 


Ro—0o 


Appendix D 


c-Number Substitutions and 
Gauge Symmetry Breaking 


In this appendix, which is a slightly extended version of [LSeY8], we give a rigorous 
justification of part of the Bogoliubov approximation, discussed in Appendix [A] 
— namely the replacement of bosonic creation and annihilation operators by c- 
numbers. We also discuss the relation between BEC' and spontaneous breaking of 


gauge symmetry which was mentioned briefly in the introduction. 


One of the key developments in the theory of the Bose gas, especially the 
theory of the low density gases currently at the forefront of experiment, is Bogoli- 
ubov’s 1947 analysis of the many-body Hamiltonian by means of a c-number 
substitution for the most relevant operators in the problem, the zero-momentum 
mode operators, namely dg — z, ag — 2*. Naturally, the appropriate value of z 
has to be determined by some sort of consistency or variational principle, which 
might be complicated, but the concern, expressed by many authors over the years, 
is whether this sort of substitution is legitimate, i-e., error free. We address this 
latter problem here and show, by a simple but rigorous analysis, that it is so under 
very general circumstances. 

The rigorous justification for this substitution, as far as calculating the pres- 
sure is concerned, was done in a classic paper of Ginibre in 1968, but it does 
not seem to have percolated into the general theory community. In textbooks it 
is often said, for instance, that it is tied to the imputed ‘fact’ that the expec- 
tation value of the number operator no = agg is of order V = volume. (This 
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was the argument in [Bo]). That is, Bose-Einstein condensation (BEC) justifies 
the substitution. As Ginibre pointed out, however, BEC has nothing to do with 
it. The z substitution still gives the right answer even if no is small (but it is a 
useful calculational tool only if no is macroscopic). Thus, despite and the 
thorough review of these matters in , there is some confusion in the literature 
and clarification could be useful. 

In this appendix we do three things. 1.) We show how Ginibre’s result can 
be easily obtained in a few simple lines. While he used coherent states, he did 
not use the Berezin-Lieb inequality [Si2], derived later, which efficiently 
gives upper bounds. This inequality gives explicit error bounds which, typically, 
are only order one compared to the total free energy or pressure times volume, 
which are order N = particle number. 

2.) This allows us to go beyond and make c-number substitutions for 
many k-modes at once, provided the number of modes is lower order than NV. 

3.) We show how the optimum value of z yields, in fact, the expectation value 
(no) in the true state when a gauge breaking term is added to the Hamiltonian. 
More precisely, in the thermodynamic limit (TL) the |z|? that maximizes the 
partition function equals |(ag)|? and this equals (no), which is the amount of 
condensation — a point that was not addressed in full generality in previous work 
[AYZ]. The second of these equalities has previously only been 
treated under some additional assumptions or for some simplified models 
- 

While we work here at positive temperature kpT = 1/(, our methods also 
work for the ground state (and are even simpler in that case). To keep this note 
short and, hopefully, readable, we will be a bit sketchy in places but there is no 
difficulty filling in the details. 

The use of coherent states to give accurate upper and lower bounds 
to energies, and thence to expectation values, is effective in a wide variety of 
problems [L6@], e.g., quantum spin systems in the large S$ limit [L4], the Dicke 
model [HL], the strong coupling polaron , and the proof that Thomas-Fermi 
theory is exact in the large atom limit [Th]. For concreteness and relevance, 
we concentrate on the Bose gas problem here, and we discuss only the total, 
correct Hamiltonian. Nevertheless, the same conclusions hold also for variants, 
such as Bogoliubov’s truncated Hamiltonian (the “weakly imperfect Bose gas” 
[ZB] [Bo}) or other modifications, provided we are in the stability regime (i.e., the 
regime in which the models make sense). We are not claiming that any particular 


1We note that recently A. Siité presented a different proof of item 3 [Su]. 
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approximation is valid. That is a completely different story that has to be decided 
independently. The method can also be modified to incorporate inhomogeneous 
systems. The message is the same in all cases, namely that the z substitution causes 
no errors (in the TL), even if there is no BEC, whenever it is applied to physically 
stable systems. Conversely, if the system is stable after the z substitution then so 
is the original one. 

We start with the well-known Hamiltonian for bosons in a large box of volume 
V, expressed in terms of the second-quantized creation and annihilation operators 
a, 4, satisfying the canonical commutation relations, 


H= S kata, + < Se Y(P) ky p%q—p%k4q; (D.1) 
k k,p.q 

(with i = 2m = 1). Here, v is the Fourier transform of the two-body potential 
u(x). We assume that there is a bound on the Fourier coefficients |v(k)| < y < oo. 

The case of hard core potentials can be taken care of in the following way. 
First cut off the hard core potential v at a height 10!? eV. It is easy to prove, 
by standard methods, that this cutoff will have a negligible effect on the exact 
answer. After the cutoff y will be about 10!2 eV A®, and according to what we 
prove below, this substitution will affect the chemical potential only by about 
y/V, which is truly negligible when V = 107° A®. 

If we replace the operator ag by a complex number z and ag by z* every- 
where in H we obtain a Hamiltonian H’(z) that acts on the Fock-space of all 
the modes other than the ag mode. Unfortunately, H’(z) does not commute with 
the particle number N* = ))). 49 %4,- It is convenient, therefore, to work in the 
grand-canonical ensemble and consider H,, = H — uN = H — pu(apag + N7~) and, 
correspondingly, Hj,(z) = A’(z) — p(|z|? +N). 

The partition functions are given by 


eV PH) = B() = try exp[—GH,] (D.2) 
ef VP) = Bl (pn) = if dz try exp[—GH,(z)] (D.3) 


where H is the full Hilbert (Fock) space, H’ is the Fock space without the ag 
mode, and d?z = 1~'dady with z = x + iy. The functions p(j) and p’() are the 
corresponding finite volume pressures. 

The pressure p(y) has a finite TL for all w < peritical, and it is a convex 
function of yw. For the non-interacting gas, [eritica) = 0, but for any realistic system 
Lecritical = +00. In any case, we assume Lt < [critical, in which case both the pressure 
and the density are finite. 
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Let |z) = exp{—|z|?/2 + za} |0) be the coherent state vector in the ag Fock 
space and let II(z) = |z) (z| be the projector onto this vector. There are six relevant 
operators containing ag in H,, which have the following expectation values [KS] 
(called lower symbols) 


(2|a9|z) = 2, (z|agaq|z) = 2”, (z|aga9|2) = |2|” 
(z|ag|z) = 2", (zlagag|z) = 2°, (z|a9a94949|2) = |2\*. 
Each also has an upper symbol, which is a function of z (call it u(z) generically) 
such that an operator F is represented as F = f d?z u(z)II(z). These symbols are 


a9 ~~ 2, A949 ~ a Agdg > |z|? = 
ag > 2", aga, > 2*?, QE,A%,agAq — |2|* — 4|z|? + 2. 

It will be noted that the operator H/,(z), defined above, is obtained from H, 
by substituting the lower symbols for the six operators. If we substitute the upper 
symbols instead into H, we obtain a slightly different operator, which we write as 
Ay (z) = Hj,(z) + 6,(z) with 

1 


§,(2) = n+ = [(-4l2? +210) — SP akay,(20(0) + (kk) +4(-1))]- (D4) 
k40 


The next step is to mention two inequalities, of which the first is 


E(u) > B(u). (D.5) 


This is a consequence of the following two facts: The completeness property of 
coherent states, [ dz II(z) = Identity, and 


(z @ dle PH |z @ b) > e FOO Ful29) — e~ B(OH, (2)I) | (D.6) 


where ¢ is any normalized vector in H’. This is Jensen’s inequality for the expec- 
tation value of a convex function (like the exponential function) of an operator. 
To prove we take ¢ in to be one of the normalized eigenvectors 
of H),(z), in which case exp{(| — GH/,(z)|¢)} = (¢| exp{—GH,,(z)}|¢). We then 
sum over all such eigenvectors (for a fixed z) and integrate over z. The left side is 
then (js), while the right side is &’ (ju). 
The second inequality is 


(4) SE") =e), (D.7) 


(0 
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where &”(w) is similar to &’(u) except that H/,(z) is replaced by H/i(z). Its 
proof is the following. Let |®;) € HH denote the complete set of normal- 
ized eigenfunctions of H,,. The partial inner product |W;(z)) = (z|®;) is a 
vector in H’ whose square norm, given by c;(z) = (W;(z)|Wj(z))w, satisfies 
he = 1. By es the upper symbols, we can write (®;|H,|®;) = 
J Pz (U5 (z)| A(z) |i (2)) = f dz (U5 (z)| HT (z)| U4 (z))e;(z), where |V5(z)) is the 
ieee vector c;(z)~ y AW (2) To compute the trace, we can exponentiate this 
to write E(j1) as 


Lew {-4 f eelnw oir enyeys. 


Using Jensen’s inequality twice, once for functions and once for expectations as in 
(D.6), =(/) is less than 


ay BPx.e3(2) exp {(W5(2)| — BHM (2)]|V5(2))} 
< 5 [ bze(2 Wi @)lexp {-322)} 1M) 
j 
Since tr II(z) = 1, the last expression can be rewritten 
[ey > (@;[I1(z) @ exp {—BH"(z)} |®;) = E"(u). 


Thus, we have that 


(1) 


Blu) < E(u) < 2" (p). (D.8) 


The next ales is to try to relate =”(y) to &’(u). To this end we have to bound 
6.(z) in (DA). This is easily done in terms of the total number operator whose 
lower ore is N’(z) = |z|? + «#0 4%: In terms of the bound ¢ on v(p) 


[5u(2)1 < 29(N"(z) + 3)/V + [nl (D.9) 
Consequently, =” (4) and =’(y) are related by the inequality 
3" (u) < B(wt+ 20/V)eP altel), (D.10) 


Equality of the pressures p(y), p’() and p” (4) in the TL follows from and 
(D.10). 
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Closely related to this point is the question of relating E(jz) to the maximum 
value of the integrand in (D3), which is max, try: exp[—@H/,(z)] = ePVP". This 
latter quantity is often used in discussions of the z substitution problem, e.g., in 
refs. [Gin] [ZB]. One direction is not hard. It is the inequality (used in ref. [Gin]) 


E(u) > max try exp[—$H},(z)], (D.11) 


and the proof is the same as the proof of (D.5), except that this time we replace the 
completeness relation for the coherent states by the simple inequality Identity > 
II(z) for any fixed number z. 

For the other direction, split the integral defining =’(j) into a part where 
|z|? < € and |z|? > é. Thus, 


EB" (u) < €max try exp[—6H,/(z)] + -| dz |z|? tray exp[—@H/,(z)]. (D.12) 
. § i226 


Dropping the condition |z|? > € in the last integral and using |z|? < N’(z) = 
N"(z) +1, we see that the last term on the right side of is bounded above 
by €-*8”(u)[Vp"(u) + 1], where p’(4) denotes the density in the H// ensemble. 
Optimizing over € leads to 


2" (u) < 2[Vp"(u) + 1] max try! exp[—GH,/(z)]. (D.13) 


Note that p” () is order one, since p’ (4) and p(j) agree in the TL (and are convex 
in 4), and we assumed that the density in the original ensemble is finite. By (D.9), 
Ay 2 Ah sog/v — |u| — e/V, and it follows from (D.7), and that 
p™** agrees with the true pressure p in the TL. Their difference, in fact, is at most 
O(n V/V). This is the result obtained by Ginibre in by more complicated 
arguments, under the assumption of superstability of the interaction, and without 
the explicit error estimates obtained here. 

To summarize the situation so far, we have four expressions for the grand- 
canonical pressure. They are all equal in the TL limit, 


p(w) =p’ (mH) = p’ (uw) = p(n) (D.14) 


when y is not a point at which the density can be infinite. 

Our second main point is that not only is the z substitution valid for ag 
but it can also be done for many modes simultaneously. As long as the number 
of modes treated in this way is much smaller than N the effect on the pressure 
will be negligible. Each such substitution will result in an error in the chemical 
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potential that is order y/V. The proof of this fact just imitates what was done 
above for one mode. Translation invariance is not important here; one can replace 
any mode such as )>y, 9a, by a c-number, which can be useful for inhomogeneous 
systems. 

A more delicate point is our third one, and it requires, first, a discussion of 
the meaning of ‘condensate fraction’ that goes beyond what is usually mentioned 
in textbooks, but which was brought out in [Ro]. The ‘natural’ idea 
would be to consider V~'(no). This, however, need not be a reliable measure 
of the condensate fraction for the following reason. If we expand exp{—GH} in 
eigenfunctions of the number operator no we would have (no) = >0,, ny(n), where 
y(n) is the probability that mg = n. One would like to think that y(n) is sharply 
peaked at some maximum n value, but we do not know if this is the case. y(n) 
could be flat, up to the maximum value or, worse, it could have a maximum at 
n = 0. Recall that precisely this happens for the Heisenberg quantum ferromagnet 
[Gri]; by virtue of conservation of total spin angular momentum, the distribution of 
values of the z-component of the total spin, S$”, is a strictly decreasing function of 
|S*|. Even if it were flat, the expected value of S* would be half of the spontaneous 
magnetization that one gets by applying a weak magnetic field. 

With this example in mind, we see that the only physically reliable quantity 
is lim, +o limy.o V~'(no)y,,, where the expectation is now with respect to a 
Hamiltonian H,,., = H, + VV(Aag + A*a) [Bo]. Without loss of generality, we 
assume A to be real. We will show that for almost every \, the density 7(V po) 
converges in the TL to a d-function at the point fo = limy—oo |Zmax|?/V, where 
Zmax Maximizes the partition function trz exp{—GH,, ,(z)}. That is, 


; 1 : 1 
lim =(no)u,r aglaal = jim, 7 lzmax” ; (D.15) 


This holds for those \ where the pressure in the TL is differentiable; since p(, ) is 
convex (upwards) in A this is true almost everywhere. The right and left derivatives 
exist for every \ and hence lim) 94 limy_.«. V~!| (a9) ,,|* exists. 

The expectation values (no),,, and (a9)y,, are obtained by integrating 
(|z|? — 1) and z, respectively, with the weight W,,,(z), given by W,,,(z) = 
E(u, A)! tray (z|exp{—BH,,,}|z). We will show that this weight converges to a 
6-function at Zmax in the TL, implying (D.15). If we could replace W,,,,(z) by 
W,,0(z)e PAV 42"), this would follow from Griffiths’ argument (see also 
Sect. 1]). Because [H, a9] 4 0, Wy, is not of this product form. However, 
the weight for 2”"(u, A), which is W/! \(z) = 2” (u, A)~* tr exp{—GHi! ,(z)}, does 


br 
have the right form. In the following we shall show that the two weights are equal 
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apart from negligible errors. 

Equality holds also for all A, ie., p(u,A) = p”(u, A) = p™*(u, A) in 
the TL. In fact, since the upper and lower symbols agree for ag and ag, the error 
estimates above remain unchanged. (Note that since VV |ag +a§| < 6(N+4)+V/6 
for any 6 > 0, p(t, A) is finite for all 2 if it is finite for \ = 0 in a small interval 
around y.) At any point of differentiability with respect to A, Griffiths’ theorem 
(see [DLS] Cor. 1.1]), applied to the partition function =’ (A, 1), implies that 

es VV) converges to a 6-function at some point Con the real axis as V — oo. 
(The original Griffiths argument can easily be extended to two variables, as we 
have here. Because of radial symmetry, the derivative of the pressure with respect 
to Im X is zero at any non-zero real 4.) Moreover, by comparing the derivatives of 
p” and p™** we see that Cc = limy 00 Zmax/VV, since Zmax/VV is contained in 
the interval between the left and right derivatives of p™**(z,) with respect to 4. 

We shall now show that the same is true for W,,,. To this end, we add 
another term to the Hamiltonian, namely ¢F = eV f d’zII(z)f(zV~1/?), with e 
and f real. If f(¢) is a nice function of two real variables with bounded second 
derivatives, it is then easy to see that the upper and lower symbols of F' differ only 
by a term of order 1. Namely, for some C' > 0 independent of zp and V, 


vf @elelaye (FeV) Hav-))] sc 


Hence, in particular, p(w, A,¢) = p” (uw, A,€) in the TL. Moreover, if f(¢) = 0 for 
|\¢ —¢| < 6, then the pressure is independent of ¢ for |e] small enough (depending 
only on 6). This can be seen as follows. We have 


1 = 
(Hs As€) — pl (2,0) = By n (en PRS), (D.16) 


where the last expectation is in the Hj’ ensemble at « = 0. The corresponding 
distribution is exponentially localized at z/ VV = ia [Gx [BLS], and therefore the 
right side of (D-16) goes to zero in the TL for small enough e. In particular, the 
€-derivative of the TL pressure at ¢ = 0 is zero. By convexity in ¢€, this implies that 
the derivative of p at finite volume, given by V-!(F),,.) = f d?z f(zV~'/?)W,,,a(z), 
goes to zero in the TL. Since f was arbitrary, V fie-a>e PC Wrr(CVV) > 0 as 
V = oo. This holds for all 6 > 0, and therefore proves the statement. 

Our method also applies to the case when the pressure is not differentiable 
in (which is the case at \ = 0 in the presence of BEC). In this case, the resulting 
weights W,,,, and W/!, need not be 6-functions, but Griffiths’ method [Gril [DLS] 
implies that they are, for \ 4 0, supported on the real axis between the right and 
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left derivative of p and, for A = 0, on a disc (due to the gauge symmetry) with 
radius determined by the right derivative at \ = 0. Convexity of the pressure as 
a function of \ thus implies that in the TL the supports of the weights W,,,, and 
Wil, for \ 4 0 lie outside of this disc. Hence (ng), is monotone increasing in \ in 
the TL. In combination with this implies in particular that 


; 1 : ; 1 
Jim (no)nr<o < fim Jim |(ao) 17, (D.17) 


a fact which is intuitively clear but has, to the best of our knowledge, not been 
proved so far in this generality. In fact, the only hypothesis entering our 
analysis, apart from the bound y on the potential, is the existence of the TL of 
the pressure and the density. 

We note that by Eq. spontaneous symmetry breaking (in the sense 
that the right side of is not zero) always takes place whenever there is BEC 
is the usual sense, i.e., without explicit gauge breaking (meaning that the left side 
of is non-zero). Conversely, by Eq. spontaneous symmetry breaking 
is equivalent to BEC in the sense of ‘quasi-averages’ , Le., 


é29 “deca, oi 
iim jim, p\no)n.r >0. (D.18) 


Note, however, that a non-vanishing of the right side of does not a priori 
imply a non-vanishing of the left side. Le., it is a priori possible that BEC only 
shows up after introducing an explicit gauge-breaking term to the Hamiltonian. 
While it is expected on physical grounds that positivity of the right side of 
implies positivity of the left side, a rigorous proof is lacking, so far. In the example 
of the Heisenberg magnet quoted above, equality in (D-17) does not generally hold, 
but still both sides are non-vanishing in the same parameter regime. 
To illustrate what could arise mathematically, in principle, consider a weight 
function of the form 
V2—-V+4+1/V for |¢| <1/V 
jra0(VVC) = wv (6) = Vv for 1/V< |g] <1 (D.19) 
0 for |z| >1. 


This distribution converges for V — co to a 6-function at ¢ = 0, and consequently 
there is no BEC at A = 0. On the other hand, it is easy to see that the weight 
function wy(¢)e~%*”S (with an appropriate normalization factor) converges, for 
any A > 0, to a 6-function at ¢ = —1 as V — ov, and hence there is spontaneous 
symmetry breaking. The open problem for the mathematician is to prove that 
examples like do not occur in realistic bosonic systems. 
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